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Systems engineering is a recognized factor in aerospace system 
development both as a practical approach and an objective for de- 
velopment of large and complex systems. The technology that makes 
up systems engineering has been difficult to describe because it 
addresses many aspects of engineering operations and the process 
of development itself. 
of functional activities that are performed by engineering organi- 
zational elements involved in development operations, and examines 
the systems engineering problem from the point of view of techni- 
cal parameter relationships in development of a large system; no 
attempt ha8 been made to cover in scope or depth all aspects of 
this technology. 

This study addresses the subject in tern 
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A. This study examines systems engineering in terms of functional 
activities that are performed in the conduct of a system defini- 
tioddesign, and describes system development in a parametric 
analysis that combines functions, performance, and design vari- 
ables. 

The description of the functional activities that constitute sys- 
tems engineering was addressed from the point of view that as a 
meaningful technology in the development of complex systems, sys- 
tems engineering must be described as a discipline. Emphasis was 
placed on identification of activities performed by design organi- 
zations, design specialty groups, as well as a central systems 
engineering organizational element. Identification of specific 
roles and responsibilities for "doing" functions, and monitoring 
and controlling activities within the system development opera- 
tion were emphasized. 

The description of systems engineering functional activities and 
their interactions was directed to: 

1) systems engineering functions versus system elements; 

2) systems engineering functions versus phases of development; 

3) the composite of items 1 and 2. 

These treatments were found necessary because interaction of three 
correlated variables can only be described coherently by super- 
posit ion. 

The complexity of systems engineering is compounded by organiza- 
tional as well as hardware and software complexity. 
it was found that the description of the activities applied equally 
well for the case of one or many organizations; that the hierachy 
functional elements of systems engineering was the same at any 
level. In the application of systems engineering for a system 
project organization, each contractor and agency involved in the 
development is the same, and the interrelationships of these sys- 
tems engineering disciplines make up an integrated set of actlvl- 
ties aimed at achieving a complete and integrated system that best 
meets the mission requirements at minimum cost. 

In this study 
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B. Development of parametric relationships among technical parameters 
is an approach to describing a complex system in a logic network 
display that gives visibility to the primary parameters of concern 
in controlling development of a complex system. 

In this study a scheme was developed based on starting the logic 
networks from the primary development and mission factors that are 
of primary concern in an aerospace system. This approach required 
identification of the primary states (design, design verification, 
premission activity, mission, postmission), identification of the 
attributes within each state (performance capability, survival, 
evaluation, operation, etc), and then developing the generic re- 
lationships of variables for each branch. To illustrate this con- 
cept, an example systemwas used that involved a launch vehicle 
and payload for an Earth orbit mission. Examination showed that 
this example was sufficient t o  illustrate the concept; a more com- 
plicated mission would follow the same approach with more exten- 
sive sets of generic trees and more correlation points between 
branches. 

This study showed that in each system state (production, test, 
and use), a logic could be developed to order and classify the 
parameters involved in translation from general requirements to 
specific requirements for system elements. 

The technique of graphical description of technical parameter 
relationships was found to have limitations as a result of the 
huge degree of correlation that exists among parameters of a com- 
plex system. 
ence system show examples of these limitations. A more sophisti- 
cated method of determining and showing parameter relationships 
is needed. 

Technical parameter trees developed for the refer- 

C. The third study task is a description and explanation of the op- 
erational availability parameter. In this task the fundamental 
mathematical basis for operational availability is developed and 
its relationship as a part of system's effectiveness is described. 
Research in this area revealed that application of operational 
availability as a system parameter varied widely depending on the 
type of time-critical requirements of the system. Several appli- 
cations of operational availability to the aerospace system were 
illustrated to show how the parameter is applied. Emphasis is 
placed on need for a balanced analytical and pragmatic treatmen't 
in the system design process, and tailoring the analysis to best 
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serve each particular problem, Research into the subject showed 
that past programs tended to overemphasize either the analytical 
or practical aspects of dealing with operational availability. 
The result was either a highly analytical "numbers game" that had 
little credibility, or an overt pragmatic "brute force" approach 
that tended to overkill or yielded no confidence in being system- 
effective. 

viii 



System 

System Element 

I. 

The purpose of t h i s  s tudy  task i s  t o  d e s c r i b e  t h e  f u n c t i o n a l  ac- 
t i v i t i e s  t h a t  c o l l e c t i v e l y  c o n s t i t u t e  t h e  systems engineer ing  
technology and d i s c i p l i n e  requi red  on major aerospace  system de- 
velopment programs. 

The scope of t h i s  document inc ludes  systems engineer ing  a c t i o n s  
w i t h i n  the d e f i n i t i o n  and design phases of t h e  system development 
l i f e  cyc le ,  and covers  t h e  func t ions  of t h e  c e n t r a l  systems engi- 
neer ing  o r g a n i z a t i o n a l  element as w e l l  as systems engineer ing  
act ivi t ies  performed by o the r  des ign  d i s c i p l i n e s .  

A combination of elements t h a t  work toge the r  
t o  perform a preconceived mission 

Fundamental b u i l d i n g  b locks  t h a t  comprise a 
system, e .g . ,  equipments, f a c i l i t i e s ,  s k i l l e d  
personnel ,  and procedura l  d a t a  

Program Phase 

Deveiopment Phase 

Designation f o r  an  increment of a system de- .  
velopment used f o r  program c o n t r o l  (This term 
is employed i n  conjunct ion  wi th  planned base- 
l i n e  management of a system development activ- 
-ity . ) 
Designaiivn vf the  stages t h a t  afiy system or  
element of a system goes through i n  i t s  l i f e  
cyc le ,  i .e.,  concept d e f i n i t i o n  and des ign  
development product ion  (The program phases 
may be  c o r r e l a t e d  wi th  t h e  development phase 
of a s y s t e m  al though t h i s  i s  no t  always t h e  
case. ) 
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Design 

Subsys t e m  

End I t e m  

Criteria 

A c t i v i t y  performed by engineer ing  and sc ien-  
t i f i c  s k i l l s  t h a t  t ransforms requirements i n t o  
d e s c r i p t i o n s  of equipments, f a c i l i t i e s ,  person- 
n e l  subsystems, and procedures  t o  implement t h e  
s y s t e m  requirements (Design as a gene r i c  term 
encompasses requirements d e f i n i t i o n  concept , 
des ign  conf igu ra t ion  d e f i n i t i o n ,  des igns ,  pre- 
l iminary  and f i n a l  d e t a i l  des ign . )  

A combination of t h ings  t h a t  make up a major 
s y s t e m  element t h a t  performs a d i s t i n c t  and 
i d e n t i f i a b l e  func t ion  (This i s  n o t  in tended  
as a gene ra l  d e f i n i t i o n  of t h e  term.) 

Arb i t r a ry  des igna t ion  for p o r t i o n s  of a system/ 
equipment f o r  t he  purpose of s y s  t e m  development 
procurement 

Standards o r  ground r u l e s  e s t a b l i s h e d  p r i o r  to 
s p e c i f i c a t i o n  p r e p a r a t i o n  t h a t  determines re- 
quirements  f o r  s p e c i f i c a t i o n  and hardware de- 
velopment 

Sys tems  engineer ing,  as a technology, is t h e  c o l l e c t i v e  set of 
methods, procedures,  s c i e n t i f i c  and engineer ing  s k i l l s  a p p l i e d  
t o  l a r g e  and complex system developments t o  achieve  e f f i c i e n t  and 
accu ra t e  t r a n s l a t i o n  of fundamental mission o b j e c t i v e s  i n t o  a sys-  
t e m  t h a t  b e s t  meets the  o b j e c t i v e s  a t  minimum c o s t  w i t h i n  t h e  
requi red  schedule  and a t  minimum r i s k .  The o b j e c t i v e s  of t h i s  
engineer ing  technology are t o  : 

1) Assure t h a t  t h e  d e f i n i t i o n  of t h e  system o r  equipment i t e m ,  
t o  s a t i s f y  an e s t a b l i s h e d  NASA need, are conducted on a t o t a l  
s y s t e m  b a s i s ,  r e f l e c t i n g  hardware, f a c i l i t i e s ,  personnel  d a t a ,  
computer programs, and suppor t  requirements  t o  achieve  r equ i r ed  
e f f e c t i v e n e s s  a t  minimum l i f e  cycle c o s t  w i t h i n  t h e  r equ i r ed  
schedule ,  and a t  minimum r i s k ;  

2) Assure t h a t  the  engineer ing  e f f o r t  is  fully i n t e g r a t e d ,  so  
t h a t  i t  r e f l e c t s  adequate  and t imely c o n s i d e r a t i o n  of des ign ,  
test and demonstration, p roduct ion ,  o p e r a t i o n ,  and suppor t  
of t h e  system/equipment; 
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I n t e g r a t e  t h e  des ign  requirements and r e l a t e d  e f f o r t s  of re- 
l i a b i l i t y ,  ma in ta inab i l i t y ,  i n t e g r a t e d  l o g i s t i c s  suppor t ,  h m a n  
f a c t o r s  engineer ing ,  s a f e t y ,  and o t h e r  engineer ing  s p e c i a l i t i e s  
wi th  r e s p e c t  t o  each o ther  as w e l l  as i n t o  t h e  mainstream of 
t h e  engineer ing  e f f o r t ;  

Assure compa t ib i l i t y  of a l l  i n t e r f a c e s  w i t h i n  the  system, in-  
c luding  necessary  support ing equipment and f a c i l i t i e s ;  and t o  
a s su re  t h e  compat ib i l i ty  and proper  i n t e r f a c e  of t h e  system 
wi th  o t h e r  systems and equipment t h a t  w i l l  be  p r e s e n t  i n  t h e  
o p e r a t i o n a l  environment; 

Provide means t o  e s t a b l i s h  and c o n t r o l  t h e  Work Breakdown 
S t r u c t u r e  (WBS) throughout t he  l i f e  of t h e  sys tem/pro jec t ;  

Provide means f o r  eva lua t ion  of changes t h a t  w i l l  r e f lec t  
cons ide ra t ion  of t he  e f f e c t  of change on o v e r a l l  system per- 
formance and e f f ec t iveness ,  schedule ,  and c o s t ,  and a s s u r e  
t h a t  a l l  a f f e c t e d  a c t i v i t i e s  p a r t i c i p a t e  i n  t h e  e v a l u a t i o n  
of changes; 

Provide a framework of coherent s y s  t e m  requirements t o  serve 
as source  d a t a  f o r  development p l a n s ,  c o n t r a c t  work s t a t emen t s ,  
s p e c i f i c a t i o n s ,  test p lans ,  des ign  drawings,  and o t h e r  engi- 
neer ing  documentation; 

Provide v i s i b i l i t y  to  measure and judge t e c h n i c a l  performance 
status f o r  t imely i d e n t i f i c a t i o n  of problems; 

Provide,  dur ing  t h e  course of t h e  program, requirements f o r  
making major t e c h n i c a l  dec i s ions  t h a t  op t imize  t h e  t o t a l  sys- 
t e m  t o  b e s t  m e e t  t he  mission o b j e c t i v e s .  

Systems engineer ing  i s  t h e  func t iona l  element w i t h i n  t h e  engineer-  
i n g  process  t h a t  a p p l i e s  s c i e n t i f i c ,  engineer ing ,  and management 
techniques t o  accomplish these o b j e c t i v e s .  

The implementation of a c t i v i t i e s  t o  f u l f i l l  t h e s e  o b j e c t i v e s  i s  
achieved i n  each  phase of t h e  system development cyc le  by a spe- 
c i f i c  set of f u n c t i o n a l  a c t i v i t i e s  of a systems engineer ing  d is -  
c i p l i n e  w i t h i n  t h e  system p ro jec t  o rgan iza t ion .  
neer ing  d i s c i p l i n e  performs i t s  f u n c t i o n  w i t h  s p e c i f i c  r o l e s  and 
r e s p o n s i b i l i t i e s  t h a t  r e l a t e  t o  o t h e r  t e c h n i c a l  d i s c i p l i n e s  and 
t o  p r o j e c t  management. 

The systems engi-  
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The problem of ach iev ing  t h e s e  o b j e c t i v e s  r e s u l t s  from t h e  com- 
p l e x i t y  of t y p e s  of system elements ,  numbers of spec ia l i s t s ,  and 
numbers of organiza t ions  ( c o n t r a c t o r s  and agencies )  involved i n  
a system development. This  complex problem i s  represented  i n  
F igure  1 which i l l u s t r a t e s  t he  fo l lowing  v a r i a b l e s  t h a t  must be 
addressed:  

1 )  Evolut ion of system elements i n  t i m e ;  

2) I n t e r r e l a t i o n s h i p  of system elements;  

3) I n t e r r e l a t i o n s h i p  of d i s c i p l i n e s  and o rgan iza t ions  of d i s c i -  
p l i n e s  i n  each system element d e f i n i t i o n  and design.  

For t h i s  reason, t he  systems engineer ing  technology, and t h e  d i s -  
c i p l i n e  t h a t  implements i t ,  i s  concerned wi th  t h e  p rocess  employed 
t o  achieve  an o r d e r l y  evo lu t ion  of t he  system, and wi th  p o s i t i v e  
a c t i o n s  wi th in  t h e  process  t o  f o r c e  t h e  d e f i n i t i o n  and des ign  of 
t h e  b e s t  poss ib l e  system. This  process  and t h e  f u n c t i o n a l  a c t i v -  
i t i e s  of t h e  system engineer ing  d i s c i p l i n e  are i d e n t i f i e d  and 
descr ibed  i n  the fol lowing s e c t i o n .  

4 
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IV. 

The Development Cycle 

The system development cyc le  i s  fundamentally t h e  same whether 
t he  system t o  be  developed i s  a complex aerospace system o r  a 
s i n g l e  system element.  
major phases of act ivi ty--concept ,  d e f i n i t i o n ,  and design.  

The developmenb cyc le  is  made up of t h r e e  

These phases are n a t u r a l  breakdowns r e s u l t i n g  from s t e p s  t h a t  
must b e  made i n  t ransforming an  o b j e c t i v e  i n t o  a system of ele- 
ments. These phases form t h e  b a s i s  f o r  the  s t r a t e g y  used f o r  
program con t ro l  as covered i n  NPD7121.1 which e s t a b l i s h e s  t h e  
po l i cy  f o r  phased p r o j e c t  planning.  

Within t h e s e  phases of development, t he  systems engineer ing  func- 
t i o n a l  activit ies c o n s t i t u t e  t h e  means used t o  f o r c e  and main ta in  
a c o n s i s t e n t ,  complete, and accu ra t e  t ransformat ion  of mission 
ob jec t ives  i n t o  a system design. 

The concept phase normally c o n s i s t s  of ana lyz ing  t h e  mission o r  
s c i e n t i f i c  ob jec t ive  i n  s u f f i c i e n t  d e t a i l  t o  develop concepts of 
implementation. The products  of t h i s  phase of ac t iv i ty  are f e a s i -  
b i l i t y  analyses ,  system requirements documentations o r  s p e c i f i c a -  
t i o n s ,  and f i r s t - o r d e r  system development schedules  and c o s t s .  
The d e f i n i t i o n  phase c o n s i s t s  of t h e  d e t a i l  d e f i n i t i o n  of t h e  
t o t a l  system inc luding  f l i g h t  hardware, suppor t  equipment, s o f t -  
ware, personnel ,  etc. The products  of t h i s  phase of a c t i v i t y  
are complete ope ra t iona l  use d e f i n i t i o n s ,  t r a d e  s t u d i e s ,  config- 
u r a t i o n  desc r ip t ions  and prel iminary s p e c i f i c a t i o n s ,  and p l ans  
f o r  t h e  development and use of t he  system. 
sists of t h e  d e t a i l  des ign  and f a b r i c a t i o n  of each system element ,  
eva lua t ion  of t h e  system through a n a l y s i s  and tes t ,  a c t i v a t i o n  
of t h e  system, and a l l  o t h e r  ac t iv i t ies  r equ i r ed  t o  suppor t  and 
use t h e  system. 

The des ign  phase con- 

Within t h e s e  development phases ,  the  achievement of  d e s i r e d  r e s u l t s  
i s  a func t ion  of how t h e  o v e r a l l  development p rocess  i s  conducted 
and p o s i t i v e  measures taken w i t h i n  t h e  p rocess  t o  g ive  o r d e r  t o  
and c o n t r o l  the d i v e r s e  a c t i v i t i e s  of des ign  d i s c i p l i n e s .  

The system engineer ing process  is  a formal ized  method f o r  planned 
and scheduled s o l u t i o n  of l a r g e ,  complex eng inee r ing  development 
design problems. 
developed f o r  so lv ing  problems i n  t h e  p h y s i c a l  s c i ences .  This  

I t  i s  based on t h e  s c i e n t i f i c  method t h a t  w a s  
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method comprleee r ecogn i t ion  of t he  problem, p o s t u l a t i n g  a s o l u t i o n ,  
and then  v e r i f y i n g  t h e  Solut ion.  By ex tending  t h e  s c i e n t i f i c  meth- 
od i n t o  the  domain of technology, a l o g i c a l  p rocess  was evolved 
t h a t  enables  quicker  and more c o s t - e f f e c t i v e  s o l u t i o n s  t o  design 
problems t h a t  would o r d i n a r i l y  r e q u i r e  several y e a r s  t o  reso lve .  

For t h e  des ign  of an aerospace system, t h e  system engineer ing  pro- 
cess has  expanded on t h e  s c i e n t i f i c  method and extended i t s  use 
of a l l  a s p e c t s  of t h e  program. I t  i s  used from mission d e f i n i t i o n  
through i d e n t i f i c a t i o n  of s y s t e m s  performance requirements ,  des ign  
requirements ,  proposed design s o l u t i o n s ,  l a y o u t s ,  d e t a i l e d  des ign ,  
development t e s t i n g ,  product ion,  checkout,  f l i g h t  q u a l i f i c a t i o n ,  
and mission opera t ion .  

The process  c o n s i s t s  of th ree  s t e p s .  Each s t e p  i s  used continu- 
ously dur ing  t h e  program, f i r s t  on t h e  i n i t i a l  des ign  and subse- 
quent ly  on a l l  changes t o  t h a t  design.  The t h r e e  s t e p s  are (1)  
d e f i n i t i o n  of requirement,  (2) i n t e g r a t i o n  of subsystem des ign ,  
and (3) v e r i f i c a t i o n  of subsystem performance t o  t h e  des ign  re- 
quirements.  

The o b j e c t i v e  of t h i s  process  is t o  produce a system des ign  t h a t  
w i l l  s a t i s f y  a l l  mission requirements w i th  a minimum expendi ture  
of program resources .  

The f i r s t  s t e p  of t h e  system engineer ing  process  occurs  i n  t h e  
concept phase. The f e a s i b i l i t y  of t h e  o b j e c t  miss ion  is  determined 
and t h e  fundamental  system concept is  s e l e c t e d .  I n  t h e  d e f i n i t i o n  
phase of t h e  system engineer ing process ,  t h e  o b j e c t  mission i s  
s p e c i f i e d ,  and, from it, mission o b j e c t i v e s  and system performance 
requirements are derived.  The Statement of Work (SOW) i nco rpora t e s  
t hese  requirements and f u r t h e r  i d e n t i f i e s  performance requirements  
f o r  a l l  subsystems. These requirements are de f ined  i n  a mission/  
system requirements  document. 
l i a b i l i t y ,  environment, s a f e t y ,  service l i f e ,  and o t h e r  consider-  
a t i o n s  are i d e n t i f i e d  i n  an  environmental  and des ign  requirements 

Design requirements  based on re- 

1- & 
U U L U U L C A L L .  

Ground suppor t  equipment (GSE) requirements  f o r  t he  system evolve  
i n  a similar manner, o r i g i n a t i n g  from mission/system requirements .  

Requirements t h a t  must be  considered i n  t h e  o v e r a l l  system des ign  
may b e  grouped i n t o  t h r e e  major areas which are performance, de- 
s i g n ,  and test. Within each of the  major areas a r e p r e s e n t a t i v e  
l i s t  of requirements  may be  t abu la t ed .  This t a b u l a t i o n ,  i n  t h e  
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form of a l i s t ,  has been compiled and is g iven  i n  Table  1. 
the  l eng th  of t h i s  list i t  can be seen t h a t  t he  d e f i n i t i o n  of a l l  
requirements t h a t  c o n s t r a i n  the  system des ign  cannot  be completed 
p r i o r  t o  i n i t i a l  des ign  release and, t h e r e f o r e ,  a des ign  change 
s y s t e m  i s  requi red  t o  r e v i s e  r e l e a s e d  drawings and s p e c i f i c a t i o n s .  
It  w i l l  a l s o  be  noted t h a t  because of t h e  low level of requirements  
shown, such as performance requirements  a t  t h e  component level,  
n o t  a l l  requirements can b e  known i n i t i a l l y .  
evolve as the des ign  p rogres ses .  

From 

These requirements  

Systems a n a l y s i s  of a l l  t he  requirements i l l u s t r a t e d  by Table  1 
r e s u l t s  i n  t h e  second s t e p  of t h e  systems engineer ing  process .  
Tradeoff study r e p o r t s  t h a t  i d e n t i f y  a l t e r n a t i v e  mechanizat ions,  
s a t i s f y  the  requirements,  and select the  b e s t  des ign  are performed. 
These r epor t s  a l s o  d e s c r i b e  how the  system w a s  s i z e d ,  t h e  pe r fo r -  
mance envelope of t h e  complete system i n  i t s  o p e r a t i n g  environment 
under a l l  s t a t i c  and dynamic v a r i a t i o n s  of e x t e r n a l  i n p u t s  and 
i n t e r n a l  system to l e rances ,  c r i t i ca l  i n t e r a c t i o n s  wi th  o r  depen- 
dence upon o the r  systems o r  s t r u c t u r e s ,  s a f e t y  p recau t ions ,  pro- 
v i s i o n s  f o r  r e l i a b i l i t y ,  p r o d u c i b i l i t y ,  and m a i n t a i n a b i l i t y  
system growth cons ide ra t ions ,  and unusual human f a c t o r s  a s p e c t s  
i n  t h e  design. The results of t h e s e  ana lyses  cu lmina te  in a con- 
f i g u r a t i o n  base l ine  t h a t  is  t h e  f i r s t  d e f i n i t i o n  of a complete 
system conf igura t ion .  Design l a y o u t s ,  s p e c i f i c a t i o n  c o n t r o l  
drawings, process  s p e c i f i c a t i o n s ,  and procurement s p e c i f i c a t i o n s  
proceed from t h i s  document t o  d e f i n e  t h e  conf igu ra t ion  e x a c t l y  
and govern i t s  procurement, manufacture, assembly, test ,  and 
checkout throughout t h e  des ign ,  development, and product ion  pro- 
cess. 

As t h e  design takes  s p e c i f i c  form, the  requirements  documents 
p rogres s ive ly  "harden" t o  t h e  form of performance, des ign ,  and 
test requirements f o r  t h e  hardware. These are inco rpora t ed  i n  
s y s t e m ,  sys t em element and subsystem s p e c i f i c a t i o n s  t h a t  d e s c r i b e  
s p e c i f i c  design and v e r i f i c a t i o n  requirements  f o r  t h e  d e t a i l  de- 
s i g n  of t h e  s y s t e m  ( P a r t  I).  P a r t  I1 of t h e s e  s p e c i f i c a t i o n s  is  
the  documented s o l u t i o n  t o  t h e  P a r t  I s p e c i f i c a t i o n .  The so lu-  
t i o n  o r i g i n a t e s  dur ing  t h e  des ign  of system elements  and s p e c i f i e s  
product  conf igu ra t ion ,  and a l l  v e r i f i c a t i o n ,  p r e p a r a t i o n  f o r  ship-  
ment, and use  i n s t r u c t i o n s .  

A similar  hardening of requirements  occurs  s imul taneous ly  w i t h  GSE 
and culminates i n  a ground system s p e c i f i c a t i o n s ,  GSE and i t e m  
s p e c i f i c a t i o n ,  and suppor t  equipment s p e c i f i c a t i o n s .  
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Requirements reviews fol low requirements d e f i n i t i o n  f o r  a l l  s y s t e m s  
and f a c i l i t i e s  and they i n i t i a t e  Phase 11, t h e  i n t e g r a t i o n  phase 
of system engineering. These reviews use s t a n d a r d  o p e r a t i o n s  anal-  
y s i s  techniques t o  f l y  t h e  mission on paper using t h e  proposed de- 
s i g n s  and computer s imula t ions  of t h e  nominal and a b o r t  t r a j e c t o -  
ries t o  determine mission success  and crew s a f e t y  p r o b a b i l i t i e s ,  
t o  v e r i f y  system compat ib i l i ty  with mission o b j e c t i v e s ,  and t o  
improve t h e  t o t a l  design.  Simultaneously w i t h  the  reviews, i n t e -  
g r a t i o n  of the des ign  proceeds as i n t e g r a t e d  schematics are com- 
p l e t e d  t o  assure c o n t i n u i t y ,  compat ib i l i ty ,  and r e s p o n s i b i l i t y  
of subsystem-subsystem i n t e r f a c e s ,  subsystem-GSE i n t e r f a c e s ,  and 
GSE-facil i ty i n t e r f a c e s .  

When approximately 10% of t h e  b a s i c  d e t a i l  des ign  process  has  been 
completed, the pre l iminary  design review (PDR) is  he ld .  This  is  
a n  assessment of t h e  prel iminary design of a l l  f l i g h t ,  ground, and 
tes t  s i t e  subsystems f o r  compat ib i l i ty  wi th  mission o b j e c t i v e s ,  
and i s  a cont inua t ion  of t h e  i n t e g r a t i o n  phase begun w i t h  t h e  
requirement reviews. Before completion of product ion drawing and 
des ign  s p e c i f i c a t i o n  release, a c r i t i c a l  des ign  review (CDR) of 
a l l  f l i g h t  and ground hardware i s  completed. The purpose of t h i s  
review is t h e  same as f o r  t h e  PDR except  t h a t  i t  i s  more thorough, 
p a r t i c u l a r l y  i n s o f a r  as equipment i n t e r f a c e s  are concerned, since 
much more data  are a v a i l a b l e .  A f t e r  t h e  a c t i o n  items have been 
worked, t h e  b a s i c  release i s  completed. 

The t h i r d  s t ep  of t h e  system engineer ing process  commences w i t h  
v e r i f i c a t i o n  a n a l y s i s  s t u d i e s  and cont inues through a l l  subsequent 
t e s t i n g  inc luding  development, q u a l i f i c a t i o n ,  acceptance,  checkout 
and mission operat ions.  Performance v e r i f i c a t i o n  f o r  a l l  components 
and subsystems i s  achieved through a n a l y s i s  of test. V e r i f i c a t i o n  
r e s u l t s  permit a t e c h n i c a l  performance e v a l u a t i o n  of t h e  des ign  
and, i f  t h e  r e s u l t s  are favorable ,  i n c r e a s i n g  confidence i n  t h e  
r e l i a b i l i t y  of t h e  equipment. V e r i f i c a t i o n  i s  achieved by compar- 
i n g  r e s u l t s  with s p e c i f i c a t i o n  requirements .  

Through a continuous i t e r a t i o n  of systems engineer ing  phases--re- 
quirements,  i n t e g r a t i o n ,  and v e r i f i c a t i o n - -  a n  e f f e c t i v e  des ign  
w i l l  be  produced with a minimum c o s t  and t i m e  expendi ture .  Require- 
ments are documented and t r a c e a b l e  t o  t h e  des ign  f o r  use  a t  reviews 
and f o r  eva lua t ion  of proposed changes. Technica l  progress  of t h e  
development i s  monitored, assessed ,  and d isp layed  t o  g i v e  p r e c i s e  
s t a t u s  of progress  and t o  p i n p o i n t  areas t h a t  r e q u i r e  a d d i t i o n a l  
resources  t o  improve progress .  
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These process a c t i v i t i e s  must b e  reflected i n  s p e c i f i c  functional 
a c t i v i t i e s  i n  each phase of development. They can b e  categorized 
as analyt ica l ,  integration and engineering actions i n  each phase 
of system development. The aggregate of these functional act iv-  
i t ies constitutes  the systems engineering disc ip l ines  roles and 
respons ib i l i t i e s .  
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The systems engineer ing d i s c i p l i n e  is  t h e  t e c h n i c a l  o rgan iza t iona l  
element t h a t  provides  t h e  s k i l l e d  resources ,  methods, and proce- 
dures  t o  achieve complete and optimum system o b j e c t i v e s  wi th  t h e  
r e sources  ava i l ab le .  The func t ions ,  r o l e s ,  and r e s p o n s i b i l i t i e s  
f a l l  i n t o  two ca t egor i e s :  t hose  t h a t  make up a c e n t r a l  systems 
engineer ing  d i s c i p l i n e  and those  t h a t  f a l l  w i t h i n  t h e  t e c h n i c a l  
d i s c i p l i n e  organiza t ions  t h a t  p a r t i c i p a t e  i n  the  s y s  t e m  develop- 
ment. These two types of systems engineer ing ac t iv i t i e s  are shown 
i n  F igure  2. 
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A. CENTRAL SYSTEMS ENGINEERING D I S C I P L I N E  

*' 

a. 

The o b j e c t i v e  and purpose of a c e n t r a l  systems o r g a n i z a t i o n  is t o  
make a v a i l a b l e  t o  development p r o j e c t  management s k i l l e d  r e sources ,  
methods, and techniques t o  s o l v e  problems e x h i b i t e d  by complex sys- 
tems i n  each phase of development. The f u n c t i o n a l  ac t iv i t i e s  of 
t h i s  d i s c i p l i n e  are (1) those t h a t  are d i r e c t e d  a t  making t h e  tech- 
n i c a l  development process  an e f f i c i e n t  and c o n t r o l l e d  ope ra t ion ,  
and (2) t hose  s p e c i f i c  l i n e  activit ies w i t h i n  t h e  development pro- 
cess. The f i r s t  of t h e s e  management ac t iv i t i e s  govern and c o n t r o l  
t h e  a c t i o n s  of a l l  d i s c i p l i n e s  and a l l  system elements  i n  t h e  tech- 
n i c a l  development of t he  s y s t e m ;  t h e  second is t h e  requi rements  def-  
i n i t i o n ,  i n t e g r a t i o n ,  and v e r i f i c a t i o n s  performed as a p a r t  of t h e  
system development. These a c t i v i t i e s  and t h e  f u n c t i o n s  t h a t  are 
performed are descr ibed  in t h e  fo l lowing  paragraphs.  

System Management A c t i v i t i e s  

The p a r t  played by t h e  c e n t r a l  systems d i s c i p l i n e  i n  t h e  d i r e c t i o n  
and c o n t r o l  of a system development i s  t o  e s t a b l i s h  t h e  c e n t r a l  
requirements  and c o n s t r a i n t s  t h a t  govern each system element, pro- 
v i d e  t h e  necessary  dec i s ion  cri teria and techniques  f o r  dec id ing  
between a l t e r n a t i v e s  and providing t h e  mechanism f o r  e v a l u a t i o n  
of r e s u l t s  dur ing  and a t  the end of  t h e  phase e f f o r t .  
t i o n  of t h e s e  t h r e e  func t ions  fo l lows  . The descr ip-  

1. Base l ine  Cont ro l  

Within and between development phases ,  t h e  systems engineer ing  
a c t i v i t y  r equ i r ed  t o  achieve c o n s i s t e n t  and compatible  r e s u l t s  
is t o  e s t a b l i s h  con t ro l  over t he  activities of a l l  o rgan iza t ions  
and d i s c i p l i n e s  engaged i n  t h e  system development. 

The fundamental  approach is t o  e s t a b l i s h  and main ta in  a system of  
p o s i t i v e  d e f i n i t i o n ,  documentation, and c o n t r o l  between i n t e r f a c -  
lllc; L ~ ~ U ~ L ~ U ~ L I L ~ ,  u r a s ~ j l ~  LcqulLeurjllLs, sild design s o i u t i o n s .  i n e  
h e a r t  of t h i s  approach is t he  system engineer ing  p rocess  and base- 
l i n e  management. 

:-- _ _ _ _ _  f I__^_ I _  >--3-- e----:-----*- - 

Base l ine  management is  a technique t h a t  uses uniform documentation, 
eng inee r ing  reviews, and s tandard  procedures  t o  ensu re  an o r d e r l y  
t r a n s i t i o n  from one major commitment p o i n t  t o  t h e  nex t  i n  t h e  sys- 
t e m  engineer ing  process .  
p o i n t  i n  a program where i t  i s  necessary  t o  d e f i n e  a formal  depar- 
t u r e  p o i n t  f o r  c o n t r o l  of f u t u r e  changes i n  performance and design.  

Base l ines  may b e  e s t a b l i s h e d  a t  any 
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Systems engineer ing e s t a b l i s h e s  t h e  documentation complex i n  t h e  
form of s p e c i f i c a t i o n s ,  i n t e r f a c e  c o n t r o l s ,  and o t h e r  requirements  
d a t a  forms i n  each phase,  and main ta ins  them as c o n t r o l  r e f e r e n c e  
p o i n t s  during t h e  eva lua t ion  of t h e  des ign  i n  each phase.  S ince  
t h e  development of a system is  an  i t e r a t i v e  process ,  cont inuing  
changes and r ev i s ions  i n  requirements  are necessary  t o  achieve  a 
balanced design t h a t  y i e l d s  t h e  most b e n e f i t s .  The p rogres s ive  
b a s e l i n e s  e s t a b l i s h e d  through t h e  development c y c l e  provide  t h e  
means f o r  assur ing  t h e s e  r e v i s i o n s  are made under c o n t r o l l e d  con- 
d i t i o n s .  Systems engineer ing  examines t h e s e  r e v i s i o n s  a g a i n s t  t h e  
b a s e l i n e  f o r  impact on the  sys tem's  a b i l i t y  t o  perform t h e  mission.  
This  ac t iv i ty  provides  cont inuing  assurance  t h a t  t h e  i n t e g r i t y  of 
t h e  system/mission r e l a t i o n s h i p  is maintained.  

2.  Decision Management 

The development of complex systems i n  which many d i f f e r e n t  and 
c o n f l i c t i n g  requirements are p resen t  r e q u i r e s  t h a t  a m e a n s  b e  
provided f o r  r e l a t i n g  c h a r a c t e r i s t i c s  of t h e  system i n  terms t h a t  
permi t  them t o  b e  combined, and t h e  va lue  t o  t h e  t o t a l  system 
assessed .  I n  each phase of  t h e  development cyc le ,  t r a d e  s t u d i e s  
are made between a l t e r n a t i v e  approaches,  concepts  and des igns  w i t h  
t h e  o b j e c t i v e s  of s e l e c t i n g  t h e  candida te  having t h e  g r e a t e s t  
o v e r a l l  b e n e f i t  t o  t h e  sytem, i .e. ,  t h e  one s t r i k i n g  t h e  b e s t  
ba l ance  o r  compromise between a l l  mission/system requirements  and 
program c o n s t r a i n t s .  S ince  t h e s e  d e c i s i o n s  occur  w i t h i n  each  sys-  
t e m  e lement ,  and are performed by t h e  t e c h n i c a l  d i s c i p l i n e s  w i t h i n  
a broad o rgan iza t iona l  complex, a c o n s i s t e n t  means i n  terms of 
d e c i s i o n  c r i t e r i a  and methodology is  requ i r ed .  

Systems engineer ing develops t h e  p r i o r i t y ,  ranking,  and r e l a t i v e  
va lues  of program, mission,  and system parameters  t o  f a c i l i t a t e  
s e l e c t i o n  between candida te  concepts ,  c o n f i g u r a t i o n s ,  and des igns .  
I n  a d d i t i o n ,  gu ide l ines  are provided f o r  t h e  format and con ten t  
of t r a d e  s t u d i e s  t o  a s s u r e  complete t rea tment  of each major dec i -  
s i o n .  System engineer ing  provides  a s s i s t a n c e  i n  the  conduct of 
t hese  dec i s ion  a c t i o n s  and approves results of t h e  s tudy  p r i o r  t o  
p r o j e c t  management's f i n a l  approval .  

3. Technica l  Evaluat ion 

I n  each program phase,  systems engineer ing  performs an  assessment  
of t h e  t e c h n i c a l  r e s u l t s  on a cont inuing  b a s i s  and a t  p rede te r -  
mined p o i n t s  i n  t h e  process  t o  a s s u r e  t h a t  the cons i s t ency ,  com- 
p l e t e n e s s ,  and i n t e g r a t i o n  of a l l  s y s t e m  elements  is  maintained.  
The o b j e c t i v e  of t h i s  a c t i v i t y  is  t o  f i n d  problems (performance 
and des ign)  ea r ly  enough t o  avoid s i g n i f i c a n t  c o s t  and schedule  



impact. 
mance and design,  and maintaining an  o v e r a l l  system v i s i b i l i t y  
t o  performance c a p a b i l i t y ,  design c h a r a c t e r i s t i c s ,  i n t e r f a c e s  , 
and conf igu ra t ions .  

Th i s  o b j e c t i v e  is accomplished by t r a c k i n g  t h e  pe r fo r -  

Systems engineer ing  provides  t r a c k i n g  methods and techniques  , 
and e s t a b l i s h e s  reviews and review procedures  t o  examine develop- 
ment r e s u l t s ,  i d e n t i f y  d i sc repanc ie s  , and follow-up on t h e i r  res- 
o l u t i o n .  The t r ack ing  and assessment of performance is  accom- 
p l i s h e d  by developing and maintaining cognizance over  t h e  primary 
performance f a c t o r s  of t h e  s y s t e m ,  and comparing them t o  t h e  al- 
l o c a t e d  requirements .  
a p p r o p r i a t e  t i m e s  i n  t h e  process  based on c r i t i ca l  d e c i s i o n  p o i n t s  
o r  program requirements  f o r  a b a s e l i n e  update ,  assembling a team 
of s p e c i a l i s t s  who are knowledgeable i n  t h e  des ign  and technologies  
involved,  and i n  performing an indep th  examination and comparison 
wi th  b a s e l i n e  requirements .  

Reviews are accomplished by i d e n t i f y i n g  

4. Summary 

The central systems engineer ing provides  r e sources  f o r  and accom- 
p l i s h e s  t h e  fo l lowing  system process  activit ies dur ing  each phase 
of system development: 

1) Requirements 

a) Define s p e c i f i c a t i o n  mechanism (h ie ra rchy  of requirements  
documents t o  b e  used t o  implement t h e  system d e f i n i t i o n ) .  

b )  Compile, i n t e g r a t e ,  and i s s u e  i n i t i a l  requirements  f o r  
each program phase.  

c) Perform b a s e l i n e  requirements management dur ing  each 
development phase.  

d )  Compile r e s u l t s  of each phase i n t o  s p e c i f i c a t i o n s  f o r  
AI- - - ___- -i- - - - - -* f --.t &-- 

L l l C  U r A L  plIaaC U C L l V l L Y .  

e) Develop WBS and SOW requirements.  

2)  Decision Requirements 

a) Develop and provide dec i s ion  criteria f o r  combining 
miss ion ,  system, and program f a c t o r s  i n  making dec i s ions  
between alternative approaches,  concepts  , and des igns .  
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b)  Provide s tandards  of format and con ten t  of t r a d e  s t u d i e s .  

c)  Assist i n  performing t r a d e  s t u d i e s  t h a t  have s i g n i f i c a n t  
system impact. 

3) Technical  Evalua t ion  

a) Plan ,  organize ,  conduct,  and fo l low up system des ign  
review. 

b) Develop techniques f o r  and perform t e c h n i c a l  performance 
t r ack ing .  

b. Cent ra l  System Engineering Line Func t iona l  Activities 

The c e n t r a l  systems engineer ing  d i s c i p l i n e  is  composed of f i v e  
p r i n c i p a l  elements and one c o r r e l a t e d  element as fo l lows:  

1) System Design and I n t e g r a t i o n  

2)  System Effec t iveness  

a) R e l i a b i l i t y  

b) Main ta inab i l i t y  

c) System A v a i l a b i l i t y  

d)  System Sa fe ty  

e )  Environmental Requirements 

3) System V e r i f i c a t i o n  

a) Design V e r i f i c a t i o n  

b) Premission V e r i f i c a t i o n  

c) Mission V e r i f i c a t i o n  

d) Pos tmission V e r i f i c a t i o n  

4) Mission/Crew Operat ions 

5) System Performance 

6)  L o g i s t i c s  (Corre la ted)  
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I n t e g r a t i o n  Mission/ System 
Analysis 

These o r g a n i z a t i o n a l  elements r ep resen t  t h e  b a s i c  system and mis- 
s i o n  a t t r i b u t e s  d e s i r e d  as f i n a l  r e s u l t s  from t h e  system develop- 
ment process .  These f a c t o r s  have a broad e f f e c t  on a l l  system 
elements t h a t  comprise t h e  to ta l  system. This  i s  illustrated i n  
F igure  3. As shown, t h e s e  s y s t e m s  engineer ing  d i s c i p l i n e s  are 
involved i n  a l l  p o s s i b l e  types of system elements .  

2 

Evaluat ion 

4 

Figure 3 Centra2 Sys terns Engineering Des&p l<nes/Sys tern Element M a t e  

r 

I n i t i a l  Phase 

The r o l e s  and r e s p o n s i b i l i t i e s  f o r  f u n c t i o n a l  activities of each 
of these  d i s c i p l i n e s  i s  r e l a t e d  t o  t h e  fundamental des ign  process  
i n  any system element development. F igure  4 shows t h i s  fundamental 
p rocess  toge the r  w i th  t h e  t y p e  of act ivi t ies  performed by systems 
engineer ing.  

4 

A, 
Funct iona l  
Analysis  

Requirements and r v  + 
C o n s t r a i n t s  

i ng  

System Element 

Design 
Syn t hes  i s  D e f i n i t i o n  

. 
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Systems engineer ing provides  i n i t i a l  design concepts and a n a l y s i s ,  
performs i n t e g r a t i o n  between system elements and f i n a l l y  eva lua te s  
t h e  output  r e s u l t s  f o r  compa t ib i l i t y ,  
f o r  each program phase and f o r  a l l  s y s t e m  elements .  
design d i s c i p l i n e s ,  and t h e  systems engineer ing  a c t i v i t i e s  involved 
i n  each, are descr ibed  i n  the  fol lowing subparagraphs.  

These a c t i o n s  are t h e  same 
Each of t he  

Systems Analysis and Cr i te r ia  

The i n i t i a l  s t e p s  i n  t h e  development process  f o r  system d e f i n i t i o n  
are a c t i v i t i e s  i d e n t i f i e d  as systems engineer ing  func t ions .  These 
a c t i v i t i e s ,  shown i n  F igure  22 ,  page 115, r ep resen t  the  i n i t i a l  
mission, program, and systems ana lyses  necessary t o  provide con- 
s i s t e n t  c r i t e r i a  from which t h e  d e f i n i t i o n  of i n d i v i d u a l  system 
elements can proceed. Cen t ra l  systems engineer ing  has t h e  l e a d  
r o l e  i n  these  activit ies.  It w i l l  b e  noted t h a t  among t h e  i n p u t s  
t o  t h e s e  func t ions  i s  t h e  conceptual design a c t i v i t y  of t h e  pre- 
vious phase and the  app l i cab le  s tudy gu ide l ines  provided by t h e  
conceptual  design a c t i v i t y .  The f i r s t  of t h e s e  i s  t h e  s t u d i e s ,  
ana lyses ,  and a n a l y t i c a l  t o o l s  developed by t h e  s tudy  team dur ing  
t h e  concept study phase.  The s tudy gu ide l ines  are t h e  d i r e c t i v e  
d a t a  provided t o  a l l  competing teams as a re fe rence  set of ground 
r u l e s  and requirements t o  govern t h e  des ign  d e f i n i t i o n .  These 
d a t a  c o n s t i t u t e  i n i t i a l  condi t ions  f o r  t h e  development problem. 
The f i r s t  s tep  i s  t p  state t h e  problem based on what is  known, 
and t o  expand t h e s e  i n i t i a l  condi t ions  s u f f i c i e n t l y  t o  enable  t h e  
development of  each system element t o  proceed a long  complimentary 
l i n e s .  
and t h e  objec t  of e s t a b l i s h i n g  d i r e c t i v e  cri teria is  t o  start  t h e s e  
act ivi t ies  with guidance so as t o  minimize t h e  number of itera- 
t i o n s  and assure  t h a t  a common s t a r t i n g  p o i n t  i s  used by a l l  spe- 
c i a l t y  groups. Many groups c o n t r i b u t e  t o  t h e  development of t h e s e  
b a s e l i n e  requirements.  The systems engineer ing  d i s c i p l i n e  compiles 
t hese  d a t a  and i s s u e s  a requirements document t h a t  becomes d i r ec -  
t i v e  t o  a l l  products  (subsystems) and f u n c t i o n a l  ( v e h i c l e  pe r fo r -  
mance, r e l i a b i l i t y ,  s a f e t y ,  l o g i s t i c s ,  etc.) d i s c i p l i n e s .  

The subsequent development activit ies are h igh ly  i t e r a t i v e  

The con ten t  of t h i s  document i s  shown i n  t h e  Appendix, The e x t e n t  
of t h e s e  requirements is  dependent on t h e  depth of s tudy dur ing  
the  previous phase. The approach used i s  t o  provide  t h e  b e s t  d a t a  
p o s s i b l e  a t  the s tar t  of t h e  s tudy and t o  add and revise t h e  re- 
quirements as t h e  d e f i n i t i o n  proceeds.  
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2. System Performance 

I n  t h e  system des ign  and in t eg r . a t ion  of a complex aerospace  system, 
c o n t r o l  and management of f l i g h t  equipment performance is  a major 
concern. In each type  of system element ( launch v e h i c l e ,  space- 
c r a f t  and payloads)  , performance c a p a b i l i t y ,  t o g e t h e r  w i t h  s a f e t y ,  
r e l i a b i l i t y ,  and a v a i l a b i l i t y  are t h e  primary f a c t o r s  i n  mission 
success .  The o b j e c t i v e  of systems engineer ing  i s  t o  provide  t h e  
means f o r  c o n t r o l l i n g ,  from the t o t a l  system p o i n t  of view, t h e  
system performance c a p a b i l i t y .  Th i s  i nvo lves  determining and 
c o n t r o l l i n g  a l l  f a c t o r s  t h a t  may i n f l u e n c e  system performance ca- 
p a b i l i t y ,  such as mass p r o p e r t i e s  of t h e  system, f l i g h t  dynamics, 
guidance, so f tware ,  etc.  One major element of c o n t r o l l i n g  system 
performance i s  managing system mass p r o p e r t i e s  t h a t  are in f luenced  
by a l l  f l i g h t  system elements. 
t h i s  i s  done and r ep resen ta t ive  of how o t h e r  areas would b e  con- 
t r o l l e d .  

The fo l lowing  is  t y p i c a l  of how 

The system performance group provides  s k i l l s  and methods f o r  al- 
l o c a t i n g  estimating, p red ic t ing ,  and measuring weight  and o t h e r  
mass p r o p e r t i e s  c h a r a c t e r i s t i c s  i n  a l l  phases  of development. 
Again, as i n  a l l  c e n t r a l  systems ac t iv i t i e s ,  t h e  approach is  es t ab -  
l ishment  of a b a s e l i n e  of a l l o c a t e d  requirements ,  p a r t i c i p a t i o n  i n  
dec i s ions  as t h e  des ign  evolves ,  and assessment  of r e s u l t s  a t  t h e  
end of each phase of compliance wi th  requirements .  

I n i t i a l l y  c r i t i ca l  mass p r o p e r t i e s  are de f ined  and r e l a t e d  t o  t h e  
v e h i c l e  system performance. They are subsequent ly  documented i n  
s p e c i f i c a t i o n ,  i n t e r f a c e ,  and requirements  trees t o  b e  used u l t i -  
mately as  t h e  primary re ference  f o r  demonstrat ion of d e l i v e r e d  
performance . 
This  set of design requirements is t hen  broken down by des ign  func- 
t i o n  and ass igned  t o  t h e  r e spons ib l e  personnel  f o r  e f f e c t i v e  con- 
t r o l .  Other forms of con t ro l  i nvo lve  implementing subcon t rac to r  
weight c o s t  i n c e n t i v e  p l a n s ,  e s t a b l i s h i n g  t h e  va lue  of a pound 
( i n  t h e  performance sensei s o  as t o  i n f l u e n c e  t r adeof f  d e c i s i o n s ,  
and d isseminat ion  of a t i m e l y  mass p r o p e r t i e s  s t a t u s  from which 
dec i s ions  regard ing  c o r r e c t i v e  a c t i o n  can b e  based. 

The a n a l y s i s  of mass p r o p e r t i e s  c h a r a c t e r i s t i c s  begins  w i t h  pre- 
l iminary  des ign  c r i te r ia  and a concept formula t ion  from which a 
f irst  weight  estimate i s  der ived.  Subsequent i t e r a t i o n s  dur ing  
des ign  d e f i n i t i o n  evolve more r e f i n e d  des ign  m a s s  p r o p e r t i e s .  
P r e d i c t i n g  performance o r i en ted  mass p r o p e r t i e s  cont inues  through 
t h e  des ign  and b u i l d  process  w i t h  a cons t an t  awareness of t h e i r  
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e f f e c t s  on requi red  system performance. 
y s i s  i s  n o t  complete u n t i l  proper  allowances have been made f o r  
t h e  lack of d e t a i l  design,  cont ingencies ,  and h i s t o r i c a l l y  proven 
weight growth. 

The mass p r o p e r t i e s  ana l -  

Mass p r o p e r t i e s  a n a l y s i s  d a t a  whether a f i r s t  c u t  estimate o r  a 
r e f i n e d  a n a l y s i s  are accompanied by a confidence l e v e l  t h a t  re- 
q u i r e s  cons tan t  assessment.  The c o n t r o l  of mass p r o p e r t i e s  i n  
suppor t  of de l ive r ing  system performance r e q u i r e s  suppor t ing  
a n a l y s i s  and h i s t o r i c a l  exper ience  developed i n  a t imely manner 
t o  maximize the d a t a  confidence l e v e l .  

The d a t a  confidence level cont inues  t o  improve as hardware items 
are weighed and accounted f o r  i n  a p r e f i n a l  assembly s t a g e s  of 
development. This l eads  t o  t h e  l a s t  s t a g e s  of d a t a  development 
t h a t  i n c l u d e  f i n a l  de l ive red  v e h i c l e  mass p r o p e r t i e s  v e r i f i c a t i o n  
by measurement/analysis p l u s  any r equ i r ed  s t e p s  t o  a c c u r a t e l y  
t r a c k  v e h i c l e  conf igu ra t ion  and a s s o c i a t e d  m a s s  p r o p e r t i e s  up t o  
f l i g h t  t i m e  and on through t h e  mission. 

To a s s u r e  de l ivery  of e f f e c t i v e  mass p rope r t i e s / sys t em performance, 
several p r e r e q u i s i t e s  must b e  recognized. F i r s t  of a l l ,  c o n s i s t e n t  
des ign  d e f i n i t i o n  and d a t a  breakdown he lp  s i g n i f i c a n t l y  i n  us ing  
t h e  d a t a .  Next ,  program awareness and preparedness  t o  respond t o  
r equ i r ed  design in f luenced  by c r i t i ca l  mass p r o p e r t i e s  must have 
a h igh  p r i o r i t y .  Also,  a n a l y t i c a l  methods and measurement equip- 
ment r equ i r ed  t o  provide  good d a t a  r e s u l t s  must b e  c o n s i s t e n t  w i th  
d a t a  accuracy requirements .  

System performance w i l l  be  d e l i v e r e d  only a f t e r  t h e  c l o s e  a s soc ia -  
t i o n  of management a c t i o n ,  thorough d a t a  a c q u i s i t i o n ,  and f a c t u a l  
d a t a  disseminat ion i n f l u e n c e  t h e  r equ i r ed  des ign  d e c i s i o n s .  

Cen t ra l  systems mass p r o p e r t i e s  serves as a member of t h e  system 
performance team ( f l i g h t  mechanics, p ropu l s ion ,  guidance,  e t c )  
and assists i n  t h e  s i z i n g ,  e v a l u a t i o n ,  and t r a d e  s t u d i e s  i n  t h e  
s y n t h e s i s  of a performance/design s o l u t i o n .  I n  summary, systems 
engineer ing  performs t h e  fo l lowing  a c t i v i t i e s  t o  c o n t r o l  m a s s  
p r o p e r t i e s  t h a t  a f f e c t  f l i g h t  v e h i c l e  performance. 

1 )  I n i t i a t e  and main ta in  a system t o  p rov ide  a high  degree  of 
weight  and m a s s  p r o p e r t i e s  c o n t r o l  of  f l i g h t  articles. 

2) Provide  c r i t i ca l  mass p r o p e r t i e s  f o r  i n p u t  t o  c o n t r a c t u a l  
documentation, s p e c i f i c a t i o n s ,  and program c o n t r o l  documenta- 
t i o n .  
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3) E s t a b l i s h  mass p r o p e r t i e s  a l lowances,  monitor and c o n t r o l  
d e t a i l  des ign  weight ,  and assist i n  e s t a b l i s h i n g  f l i g h t  
conf igura t ion .  

4) Determine and b e  respons ib le  f o r  product  weight ,  c e n t e r  of 
g r a v i t y  ba lance ,  moment of iner t ia  and product  of i n e r t i a  
by us ing  s t anda rd  methods of e s t ima t ion ,  c a l c u l a t i o n ,  and 
actual measurement. 

5) Maintain mass proper ty  a c c o u n t a b i l i t y ,  p repa re  and i s s u e  
r e p o r t s  r e f l e c t i n g  program weight  s t a t u s  and performance 
mass p r o p e r t i e s  d a t a .  

6) Supply and coord ina te  f l i g h t  weight and mass p r o p e r t i e s  
summaries f o r  t h e  purpose of ana lyz ing  product  performance. 

7) Determine and v e r i f y  weight of components and f l i g h t  ( a i r -  
borne) articles by actual measurement. 

8 )  Provide  f i e l d  weight  l i a i s o n  f o r  t h e  purpose of f l i g h t  
conf igu ra t ion  accoun tab i l i t y  p r i o r  t o  product  f l i g h t .  

9 )  P a r t i c i p a t e  i n  f l i g h t  performance a n a l y s i s  and s i z i n g ,  
provide  w e i g h t  estimates, and develop a l l o c a t i o n s  f o r  
system d e f i n i t i o n .  

10) Develop mass p r o p e r t i e s  management p l ans .  

11) During d e f i n i t i o d d e s i g n  perform mass p r o p e r t i e s  t r end  
a n a l y s i s  and p red ic t ion .  

12)  Maintain cognizance of m a s s  p r o p e r t i e s  requirements  s t anda rds .  

13) Develop and provide  monitoring and c o n t r o l  ove r  payload 
dependent elements (stowage, consumables) . 

System e f f e c t i v e n e s s  a n a l y s i s  provides  t h e  s k i l l s ,  methods, and 
procedures  f o r  system opt imiza t ion ,  s a f e t y  a v a i l a b  i l i t y / d e p e n d a b i l -  
i t y ,  and environmental  requirements.  The o b j e c t i v e  of system ef- 
f e c t i v e n e s s  a n a l y s i s  is t o  provide  means f o r  measuring, a l l o c a t i n g ,  
and s e l e c t i n g  des igns  and approaches t h a t  y i e l d  t h e  m a x i m u m  prob- 
a b i l i t y  of miss ion  success ,  under t h e  r i s k s  assumed. The f u n c t i o n  
o r  measure t h a t  determines q u a n t i t a t i v e l y  t h e  achievement of t he  
op t ima l  combination of resources  is a " p r i n c i p a l  f i g u r e  of  m e r i t " .  

21 



This criteria may be in the form of cost figures, or the specifica- 
tion of technical performance characteristics. A system may have 
several principal figures of merit, and the resultant outcome combined 
to furnish one overall measure. In general, a systems effectiveness 
analysis isolates the critical accountable factors in terms of a 
value tradeoff between significant factors. The basic elements of 
a systems effectiveness analysis include: 

an assessment of the state of the art to define constraints on 
solutions limited by technology, risk, and time; 

an assessment of the critical and most sensitive design and per- 
formance parameters to determine the necessity for further 
refinements ; 

preliminary design configuration of potential and hypothetical 
alternatives ; 

design tradeoff investigations; 

system description and parameter specifications. 

3pt imlza t ion  - Optimization refers to attainment of the "best" com- 
bination of resources in accordance with selected criteria. It repre- 
sents an attempt to quantify the factors (measured in terms of cost, 
or technical performance) in order to select from a set of alterna- 
tives. Since a system may have associated with it multiple principal 
figures of merit, the specification of more than one analysis model 
may be required for each feasible configuration or design approach. 
For example, in a multistage decision problem, dynamic programming 
may be used to optimize the totality of overall system combinations. 
However, at each stage in the decision process, the.technique of 
maximum likelihood estimation may be used to obtain parametric data 
for use with other subsequent optimization models. In any event, 
the degree and analysis of functional areas that determine the param- 
eters to be optimized include: 

environmental factors; 

reliability and maintainability; 

support policies ; 

numbers of skill levels of personnel; 

training equipment and facilities; 

logistic considerations; 
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operational modes; 

interfaces with other system/subsystems . 

I - .  

In addition, all pertinent assumptions made at each phase in the 
analysis must be stated explicitly. 
between logistics and repair time, as well as the assumptions of 
failure rates and repair time, must be adequately documented, and 
the rationale and data source identified. 

For example, the relationship 

Application of System Effectiveness AnaZysis t o  Engineering Design - 
Design optimization deals with application of systems effectiveness 
techniques to determine the best system configuration in terms of 
performance characteristics and cost. This involves the establish- 
ment of criteria or models for selecting among alternatives such 
that the evaluation of different missions, modes of operation, and 
system design concepts, etc can be analyzed within a common frame 
of reference. 
early in the system definition phase to provide the means for quan- 
titatively combining system performance parameters having different 
dimensions with system cost, to arrive at an overall figure of merit 
is an expression of the effectiveness of the design approach, and 
as such can be used to compare the composite attributes of one de- 
sign approach with another. System effectiveness models allow the 
input parameters to be varied individually so that their relative 
sensitivity on total system performance and life cycle costs can be 
determined. Parameters used in the effectiveness models correlate 
system functions and system elements. The optimization analysis is 
performed primarily during the system definition phase when optimi- 
zation is applied to the allocation of specific requirements, for 
performance of equipment, facilities, personnel skills, computer 
programs, and other software, in conjunction with a comprehensive 
analysis of mission, support, and operations requirements, and of 
total cost of the system. This optimization stresses consideration 
and integration of all technical disciplines such as reliability, 
u l d L t l L d L l t d U L ~ ~ ~ y ,  ~ a ~ a ~ y ,  etc .  Expected technicai performance re- 
sults are the optimized combination of contributions from all engi- 
neering specialties whose parameters are factors affecting perfor- 
mance and cost. 

System effectiveness models are usually developed 

- - 2  -..-2 - - L 2  -I * L-- --z-A.--  

The functional activities involving design optimization and system 
effectiveness investigations use the techniques and disciplines of 
systems analysis. Typically, these consist of -- 
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1) Parametric Analysis Methods, 

2) Search Methods, 

3) Methods of Steepest Ascent, 

4) Game Theory, 

5) Statistical Methods, 

6) Scheduling Algorithms, 

7) Stochastic Processes, 

8 )  Linear Programming, 

9) Dynamic Programming, 

10) Geometric Programming, 

11) Simulation, 

12) Monte Carlo Techniques, 

13) Network Methods. 

Of these methods, Parametric Analyses as applied to the selection 
of design parameters which maximize system performance, are the most 
widely used of the various techniques in systems analysis. This is 
perhaps because these methods are the best understood and are sim- 
plest to apply. 

Generally, Parametric Analyses consist of the following steps: 

1) Define a baseline (or preliminary) design using analyses 
of system mission objectives and requirements. 

2) Develop functional relationships between system parameters 
and achievement of objectives (i.e., outage and payload in 
orbit). 

3)  Vary the system parameters one at a time over a feasible 
range and measure the effect on achievement of system 
objectives. (This is usually plotted to add visability 
and the parameter value selected at that value which max- 
imizes the achieved objectives . ) 
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4) With the parameters thus selected, measure the effect of 
the combination set of parameters on total objectives 
achieved. 

The first two steps of this process are common to all approaches 
relative to selection of optimum parameters. 
may be based on parameter analyses of subsystems and/or components 
included in them. The preliminary design serves as a reference to 
measure changes in performance with respect to achieved objectives. 

The preliminary design 

Some obvious problem can be encountered in this process, and engin- 
eering judgments are usually exercised to avoid these. For example, 
weight, volume, and power constraints could be exceeded unless some 
prior allocation of these resources to subsystems and assemblies is 
made. 
over the feasible range for the design parameter; other problems 
that are not so easily solved are the interactions between such 
parameters as thermal environment and electrical power. These must 
be evaluated independently in an iteration process. 

Some functions will be monotonically increasing or decreasing 

In summary then, some of the functional activities of the design 
optimization procedure (using systems analysis methodologies pre- 
viously mentioned) are: 

1) system effectiveness analysis; 

2) availability/dependabili ty specification; 

3) optimal policy structure for maintainability, logistics, and 
supply; 

4) development and provision of methods of cost effectiveness 
analysis ; 

5) parameter sensitivity analysis; 

6 )  technological forecasting; 

7) risk assessment; 

8 )  evaluation models. 
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System S a f e t y  - System safety engineering is concerned with reducing 
hazards and failures by influencing system definition and design to 
achieve acceptable risks in each mission state. The sequence of 
events in system safety is: 

1) mission analyses and identification of hazards; 

2) definition of criteria or requirements for all system element 
definitionldesign; 

3 )  provision of safety inputs to system element trade studies; 

4 )  analysis of system element definitionldesign to determine 
compliance with requirements and to uncover hazards; 

5) identification and follow-up on solutions (design changes or 
procedural changes). 

To maximize safety, it is necessary t o  identify and minimize those 
failures that produce the unsafe condition failures. It is also 
necessary to identify the warning time associated with failure, the 
feasibility and method of detection, and the corrective action re- 
quired, particularly that which will minimize crew risk. Safety 
Analysis starts in the conceptual phase by reviewing or establishing 
mission ground rules and assumptions. A ground rule such as fail- 
operational/fail-safe versus fail-operationallfail-operational/fail- 
safe has significant impact on design, operations, and cost. Mission 
ground rules are refined and updated until the equivalent of a mission 
flight plan is generated. This technique permits the systems analy- 
sis and trade studies to consider current mission planning. As 
system definition proceeds, definitive design oriented criteria are 
developed. A design safety handbook is invoked to provide a refer- 
ence to safety design criteria that can be used for evaluation of 
quantification approaches. Crew Safety Analysis is of necessity 
reiterative and the analytical technique requires assessing the im- 
pact of equipment changes throughout the life of a program. 

Crew Safety Analysis involves not only all design areas, but must 
use and understand reliability, maintainability, human factors, on- 
orbit mechanics, environmental, etc data to assure that the inherent 
crew safety is not degraded during the build, test, change cycle, 
and operational phases of a program. 
crew safety personnel become the focal point to work specific de- 
tailed requirements, simulations, changes, and procedures. 

When the crew is identified, 

In summary, the system safety tasks performed in the definitionlde- 
sign phases are: 
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Prepare system safety engineering plans. 

Specify general requirements documents to be used in the system 
definitionldesign; e.g., MIL specification, NASA documents, 
safety handbooks. 

Perform failure hazard effects analysis for crewlsystem safety. 

Establish hardware and software requirements for detecting safety 
significant malfunctions. 

Perform warning time analysis. 

Perform abortlescape system studies to verify system design and 
develop new design requirements. 

Provide design criteria for safety critical areas. 

Perform hazard analyses for each mission state and each system 
element. 

Identify range requirements and obtain waivers when necessary. 

Identify procedural constraints necessary to assure safety. 

Participate in development and use of simulators as necessary 
for safety purposes. 

Perform human error analysis, identify potential flight crew and 
ground command errors that can have safety impact. 

Participate in safety working groups. 

Participate in and/or conduct design reviews of hardware as 
necessary for safety. 

A v a i l a b i l i t y / D e p e n d i l i t y  - The steps involved in sizing and optimi- 
zation of availabilityldependability involve a series of analyses as 
shown in Figure 5, and are aimed at sizing reliability and maintenance 
requirements that drive the mission and support system designs. The 
disciplines directly involved in these activities are reliability 
and maintainability specialists. 
dependability requirements result from mission analysis in which 
the mission success requirements are identified. This analysis in- 
cludes the definition of mission requirements and system configuration 
and definition of probability requirements for system definition and 
design. Operational analyses of the system and its operational 

A s  shown in Figure 5 ,  availability/ 
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concepts result in MTFB (mean time between failure) and MTTR (mean 
time to repair) requirements. These became the requirements that 
led to a reliability and maintainability policy which drives the 
mission system and support system designs. These analyses are per- 
formed by system analysis, reliability, and maintainability special- 
ists in conjunction with system design and logistics engineers. The 
parameters involved in the analyses and requirements definition are 
shown in Figure 6 .  

Figure 6 Maintainubi l i t y /Re  liabi lity/Support Parameters 

In the capacity of a system technical parameter, maintainability (M) 
is a characteristic of design, qualitatively and/or quantitatively 
expressed (Fig. 7), that enables timely and economical accomplishment 
of system maintenance and logistics support. This implies that some 
level of maintainability characteristics or features can be defined, 
and applied to the system development processes in the manner of a de- 
sign constraint. The level of maintainability necessary for any 
given system is directly related to defined system operational re- 
quirements and support concepts and system constraints typified by 
complexitjj, opersti~nal est, cr?d tFme criticality. (Time criticality 
as used here applied to systems that are launch-window critical, 
ground-turnaround-cycle critical, launch-countdown critical, etc.) 
Figure 8 illustrates the interrelationship of such program elements. 

Maintainability, as a technical parameter, is used to assess the sup- 
port impact of prospective design approaches (a tradeoff-analysis 
function), as well as establish maintainability requirements for 
design compliance. 
analysis is performed to establish factors such as maintenance/man- 
hour costs, support materials costs, shop and depot hardware turn- 
around costs, operational-site manning costs, personnel training costs, 

In the role of a tradeoff factor, maintainability 

, 
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operational downtime necessitated by maintenance requirements, and 
reaction times for emergency maintenance. Factors such as these are 
instrumental to overall program determinations of numbers of vehicles, 
types, and numbers of depot facilities/services, crossox-er use of 
site personnel, launch-on-time probabilities, etc. In the performance 
of such analyses, parametric-elements of mafntainability are closely 
reviewed to establish effects, impact of the effects upon system 
configuration, and alternative design incorporation approaches. 
These parametric elements include repairability, replaceability, 
serviceability, accessibility, interchangeability, standardization, 
safety, fault isolation and checkout, packaging, and modularization. 

QUALITATIVE VUANTITATIVE 

"The control thruster assembly 
shall be designed for integrated shall be designed such that the 
link removal/replacement actions, 
using quick-release mounting 
hardware, flange-mounted fluid 
connection points, and plug-type 
electrical connections." 

"The control thruster assembly 

mean active corrective maintenance 
time (klct) required to effect 

line replacement shall not exceed 
1.0 hour. 

- 
Operational 
Availability 

Figure 7 Maintainabi Zity Characteris tic Expressions (examp Zes I 

' Constraints 

+ Support Concept 
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In the capacity of a development program function, maintainability 
works in an interfacing manner with other engineering and support 
functions (e.g., reliability, safety, quality, maintenance engin- 
eering, and logistics) to produce/update checklists, criteria, de- 
sign review reports, maintenance verification and demonstration re- 
sults, etc. As implied by available standards and handbooks, main- 
tainability functional activities occur in a waterfall fashion 
throughout the system lifespan. 

In summary, maintainability functional activities consist of the 
following steps: 

1) Define the maintenance concept. 

2) During conceptual and definition phases, define functional roles 
of logistics and maintenance programs during development and 
operational program phases. 

3) Prepare maintainability program plans. 

4) Establish maintainability design criteria consisting of quali- 
tative design features and quantitative design time goals. 

5) Perform tradeoffs, make design recommendations, and assist de- 
signers to implement maintenance requirements. 

6 )  Perform quantitative task predictions of design inherent 
maintainability. 

7) Provide maintainability program technical coordination. 

8 )  Perform maintainability integration between system element/ 
organization elements. 

Environmental Requirements - As in other functions in central systems 
engineering, definition and control of environmental requirements is 
an activity aimed at achieving consistent and complete results that 
best meet the mission requirements. The environments that have a 
significant bearing on the successful definition and design of a 
system are -- 
1) natural environments that affect the system; 

2) conditions resulting from the system's interaction with the 
natural environment; 

3) environmental conditions arising from the interaction of system 
elements and system equipment. 
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Types of these environments can cover a wide spectrum depending on 
the misssion, and the survival of equipment and crews requires a 
definition of these environments. Knowledge of envbonments that 
exist or are propagated in each mission state; i.e., prelaunch, 
launch, ascent, Earth orbit, etc. is necessary in designing pro- 
tection o r  control elements. Examples of environmental conditions 
that may be encountered follow. 

Natural Environment 
Planetary 
Atmospheric 
The r ma 1 
Gaseous content 
Gr avi ty 
Radiation belts 
Magnetic fields 

Radiation 
Meteoroids 
Vacuum 

Induced Environment 
Dynamic 
Thermal 
Radiation 
Man 
Vibration 
Shock 
Humidity 
Thermal 
Radiation 
Meteoroid 
Biological 
Gravity 

Space 

Several conditions establish the need for a central systems engin- 
eering environmental function. The environments involved in a sys- 
tem definition and its mission are derived by many disciplines in 
the development process. These environments become factors in the 
definition and design of system elements not directly involved in 
their determination. As with any parameters that affect many design 
activities, they must be controlled as system baseline requirements. 

Another factor in achieving uniformity in system definition concerns 
the margin of safety for environmental stresses. Most environmental 
factors are described by statistical distributions. In the defini- 
tion, design, and verification testing of the system, the model of 
the parameter is determined and then a design-value is selected that 
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includes a margin or safety factor. 
confidence, the environmental grour of systems engineering defines 
design values to be used in design )f all system O-lenents. 

To achieve a uniform design 

The system design problems are depicted in Figure 9. 

Figme 9 Environmentat Analysis  

In this figure, the interactions that comprise the systems environ- 
mental requirements activity are shown for a single system element. 
They include -- 
1) examination of the system element in each mission state; 

2) identification and quantification of applicable environments 
for each state; 
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3) examination of the system elements interaction with these environ- 
ments ; 

4 )  development of a design criteria to be used in definitionldesign 
of the system element. 

In summary, the central systems engineering environmental group is 
responsible for environmental criteria tasks as follows: 

1) Establish and maintain the program environmental design criteria, 
including thermal vibration, acoustics, shock, radiation, meteo- 
roids, planetary environments, etc. 

2)  Act as the single focal point for environmental criteria control, 
specification, discussions, and presentations to customer. 

3) When the program environmental criteria includes analyses from 
other functional disciplines, thoroughly review, understand, and 
approve the input analyses. 

4 )  Assure that the rationale supporting each environmental defini- 
tion is correct and thoroughly documented. 

5) Verify environments with analyses and measurements as required. 

6 )  Establish conservative margins between actual conditions and 
design and test conditions. 

ReZiabiZi ty  - In modern engineering technology , reliability may be 
characterized as a parameter of systems effectiveness concerning 
(1) probability of performance over a required period of time, (2) 
analysis of available strength against probable stress; (3 )  trade- 
of f  of reliability against other desired qualities, ( 4 )  cost required 
to reach a given reliability goal, (5) achievement in production of 
the reliability inherent in the design, and ( 6 )  the optimum use of 
the product in service. 

Reliability analysis has an influence on the performance of each 
of these items and applies mathematical models and statistical data 
to evaluate, compare, tradeoff, and optimize the effectiveness of 
a system. 

Reliability engineering provides resources to address the problem 
of achieving acceptable dependability of the system in the perfor- 
mance of the intended mission. Reliability deals with the charac- 
teristics failure in system elements, and therefore treats a primary 
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f a c t o r  i n  mission success .  The n a t u r e  of t o t a l  s y s t e m  r e l i a b i l i t y  
is complex, and t h e  o b j e c t i v e  of r e l i a b i l i t y  engineer ing  is  t o  pro- 
v ide  an  a n a l y t i c a l  b a s i s  f o r  a s ses s ing  t h e  s y s t e m  r e l i a b i l i t y  and 
t o  e s t a b l i s h  p r a c t i c a l  approaches t o  achiev ing  accep tab le  results. 
The a n a l y t i c a l  methods provide a means of judging t h e  gene ra l  l e v e l  
of r i s k  and i n f e r r i n g  a p r o b a b i l i t y  of success .  The pract ical  meas- 
u re s  s e l e c t e d  are t h e  means of achiev ing  r e s u l t s  t h a t  w i l l  b e  ac- 
cep tab le .  The balance between t h e s e  two a c t i v i t i e s  provides  means 
f o r  a r a t i o n a l  and planned in f luence  on t h e  system t o  achieve  de- 
s i r e d  success  p r o b a b i l i t y .  It should be  noted t h a t  t h e  problem of 
i n f e r r i n g  a probable  outcome in a complex system where l i m i t e d  d a t a  
is a v a i l a b l e  does n o t  lend i t s e l f  t o  p r e c i s e  a l l o c a t i o n s  and sum- 
mation of increments t o  y i e l d  t o t a l  system assessments  of r e l i a b i l -  
i t y .  The o b j e c t i v e  of r e l i a b i l i t y  a n a l y s i s  is t o  e s t a b l i s h  t h a t  t h e  
margins of s a f e t y  o r  p ro tec t ion  are reasonable  i n  t h e  f a c e  of pro- 
gram and system l i m i t a t i o n s ,  and t h a t  a balanced s o l u t i o n  t o  system 
r e l i a b i l i t y  i s  achieved. 

R e l i a b i l i t y  and r e l i a b i l i t y  a n a l y s i s  p l ay  an important  p a r t  i n  t h e  
system engineer ing  process  and i n  each of t h e  system development 
phases.  The r e l i a b i l i t y  analysis provides  a c u r r e n t  assessment of 
r i s k s  involved,  and i d e n t i f i e s  t h e  optimum conf igu ra t ion  and o p t i -  
mum ope ra t ion  t o  achieve  t h e  greatest e f f e c t i v e n e s s  f o r  t h e  re- 
sources  expended. I n  summary, t h e  r e l i a b i l i t y  t a s k s  are  as fo l lows:  

E s t a b l i s h  r e l i a b i l i t y  models. 

E s t a b l i s h  e a r l y  i d e n t i f i c a t i o n  of p o t e n t i a l  problems. 

E s t a b l i s h  r e l i a b i l i t y  a l l o c a t i o n s .  

E s t a b l i s h  r e l i a b i l i t y  s p e c i f i c a t i o n s .  

I d e n t i f y  and eliminate f a i l u r e  modes. 

Determine des ign  and opera t ing  margins.  

E s t a b l i s h  redundancy pol icy and cr i ter ia .  

P a r t i c i p a t e  i n  P a r t s ,  Ma te r i a l s ,  and Components S e l e c t i o n .  

Prepare  FMEA. 

E s t a b l i s h  procurement/suppl ier  eva lua t ion  and c o n t r o l .  

Ver i fy  launch ope ra t ions  - launch on-time c r i t e r i a ,  
- hold  cr i ter ia .  
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12) I d e n t i f y  c r i t i c a l  par t s .  

13) Es t ab l i sh  p a r t s  d e r a t i n g  c r i t e r i a .  

14) I d e n t i f y  and p a r t i c i p a t e  i n  de te rmining  checkout frequency. 

15) I d e n t i f y  c r i t i c a l  s t o r a g e  t i m e  f o r  a p p l i c a b l e  i t e m s  ( l i m i t e d  
s t o r a g e  l i f e )  

16) Es t ab l i sh  p a r t  s e l e c t i o n  c r i t e r i a  (h igh  r e l )  (Mil S td )  (comm). 

17) Determine f a i l u r e  mode c r i t e r i a .  

18) R e l i a b i l i t y  provides  a numerical  e v a l u a t i o n  of t h e  r i s k s  and 
t h e  system e f f e c t i v e n e s s  p r o b a b i l i t i e s .  

19) R e l i a b i l i t y  i d e n t i f i e s  t h e  optimum system and ope ra t ion  by 
eva lua t ion  of numerical t r a d e  s t u d i e s  on comparative des igns .  

20) R e l i a b i l i t y  i d e n t i f i e s  and e l i m i n a t e s  o r  minimizes f a i l u r e  
modes by t h e  f a i l u r e  mode and e f f e c t s  a n a l y s i s .  

21)  R e l i a b i l i t y  provides  e a r l y  i d e n t i f i c a t i o n  of t h e  problem areas. 

Crew/Mission Opera t ions  D i s c i p l i n e  

While many d i s c i p l i n e s  can be  i d e n t i f i e d  as systems eng inee r ing ,  t h e  
d i s c i p l i n e  a s soc ia t ed  with ope ra t ions  of manned systems c r o s s e s  s o  
many backgrounds t h a t  i t  can be  inc luded  i n  systems engineer ing  
only a f t e r  r a t h e r  c a r e f u l  c o n s i d e r a t i o n  of what t h e  d i s c i p l i n e  can 
c o n t r i b u t e  and how i t  should be used. For reasons  which go beyond 
the  mere d i v i s i o n  of l a b o r ,  i t  may be  r easonab le  t o  suppor t  t h e  
view t h a t  the crew and mission o p e r a t i o n s  could b e  b e n e f i c i a l l y  h e l d  
s e p a r a t e .  A p a r t  from t h e s e  o r g a n i z a t i o n a l  t r a d e o f f s ,  t h e  r o l e  of 
crew/mission o p e r a t i o n s  can be  examined under t h e  assumption t h a t  
t h e  d i s c i p l i n e  e x i s t s  i n  a systems eng inee r ing  o r g a n i z a t i o n  wi thout  
modifying the major conclus ions .  

One of t h e  unifying elements t h a t  j u s t i f i e s  crew and miss ion  as a 
s i n g l e  d i s c i p l i n e  is  t h e  r e s p o n s i b i l i t y  of de te rmining  how t h e  human 
component i n  t h e  system w i l l  o p e r a t e  and requi rements  and c o s t s  
a s s o c i a t e d  with t h i s  ope ra t ion .  The crew a s p e c t s  of t h e  d i s c i p l i n e s  
a r e  concerned wi th  work l o a d s ,  s a f e t y ,  optimum uses  of man, and t h e  
des ign  of the madmachine i n t e r f a c e .  The mis s ion  asp'ects are more 
concerned with sequences,  s chedu les ,  i n fo rma t ion  f low,  and d e c i s i o n s  
I n  r e s p e c t  t o  f u n c t i o n s ,  crew s p e c i a l i s t s  c o n s t a n t l y  review t h e  
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assignment of a func t ion  t o  the crew i n  terms of t h e  i m p a c t  of t h e  
t a s k  on t h e  crew. The mission s p e c i a l i s t s  are more i n c l i n e d  t o  
a l l o c a t e  mission p lanning ,  c o n t r o l ,  and e v a l u a t i o n  func t ions  t o  
items, and are more concerned with system output  than t h e  impact 
on t h e  men working t h e  system. N a t u r a l l y ,  t h e s e  d i s t i n c t i o n s  are 
both a r t i f i c i a l  and incomplete s i n c e  both s p e c i a l t i e s  r e q u i r e  con- 
s i d e r a t i o n  f o r  s e l e c t i o n  and t r a i n i n g  and m u s t  cons t an t ly  work back 
and f o r t h .  I f  t h e  d i s c i p l i n e  were p e r f e c t ,  throughout t h e  develop- 
ment of a system t h e  c h a r a c t e r i s t i c s  of t h e  human component could 
be  p r e c i s e l y  s t a t e d  i n  terms of what he ( t h e  human component) re- 
q u i r e s ,  what h e  can do, how h i s  performance can  be modif ied,  how 
he  i n t e r a c t s  wi th  o t h e r  components, how he  f a i l s ,  and o t h e r  engin- 
e e r i n g  s ta tements  concerning component c h a r a c t e r i s t i c s .  S ince  t h e  
d i s c i p l i n e  is not  p e r f e c t ,  s ta tements  about t h e  component a r e  very 
inexac t ,  and t e s t i n g  and design acceptance of manned systems assumes 
a major program r o l e .  

I n  a d d i t i o n  t o  engineer ing  statements about  t h e  human component, t he  
d i s c i p l i n e  Cont r ibu tes  opera t ions  statements t h a t  concern s y s t e m  pe r -  
formance, workarounds, i n t e r a c t i o n s  wi th  o t h e r  systems,  mission 
phasing,  l o g i s  t i c s ,  maintenance, and o t h e r  domains n o t  u sua l ly  
grouped wi th  des ign .  The d i s c i p l i n e ,  then ,  i s  not  r e s t r i c t e d  i n  
interest t o  system des ign  o r  manned f l i g h t s .  While i t  is a d i s -  
c i p l i n e  t h a t  i s  d i f f i c u l t  t o  bound, i t  seems t o  be  r e s t r i c t e d  t o  the  
development of systems that use men t o  meet o p e r a t i o n a l  o b j e c t i v e s .  
This  d i s t i n c t i o n  between system des ign  and system development as an 
o b j e c t i v e  is o f t e n  no t  c l e a r l y  apprec i a t ed  dur ing  t h e  e a r l y  phases of 
the development of a program, and i n i t i a l  a l l o c a t i o n  of func t ions  
may no t  g i v e  adequate  weight t o  t h e  r o l e  of t h e  crew o r  t h e  coordin- 
a t i o n  between f l i g h t  and ground ope ra t ions .  

Rather  than  d e s c r i b e  t h e  d i s c i p l i n e  i n  terms of i t s  o rgan iza t ion  
r e l a t i o n s h i p  o r  i n  terms of the  t e c h n i c a l  backgrounds of t h e  mem- 
b e r s  of t h e  d i s c i p l i n e ,  i t  may be more e f f i c i e n t  t o  address  the  
problem of what t h e  d i s c i p l i n e  c o n t r i b u t e s  throughout program devel- 
opmen t . 
Crm/Mission Operations Inputs - The use  of boxes and l i n e s  t o  repre-  
s e n t  program events  and system development sequences is misleading 
s i n c e  they sugges t  s tar t  and end p o i n t s  when i n  f a c t  t h e r e  is over- 
l a p ,  rework, and success ive  i t e r a t i o n s .  The boxes should be  used 
only  as a rough map and calendar  t o  keep t r a c k  of t he  events  t h a t  
are a s s o c i a t e d  w i t h  t h e  i n p u t s .  (See F igu re  10 . )  
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During the formulation of initial concepts, crew/mission operations 
personnel are required to provide an accurate evaluation of the 
technology base. Key decisions about initial function allocations 
to the spacecraft or the ground and to men or machines cannot be 
made without a clear understanding of the technology base. Often 
the information includes availability of flight and ground person- 
nel and the state of their training, so program dates as well as 
designs can be considered in the concept trade studies. 

During the trade studies, crew/mission operations would provide repre- 
sentative duty cycles, mission sequences, safety analyses, training 
requirements, and other factors concerning the crew or the mission 
operation that would allow a comparison of one concept with another. 

Following selection of a concept, preliminary "soft" requirements 
imposed on various systems will be tried to judge which requirements 
can be met and which should be made less severe on one system and 
more severe on another. Here again, balance between man and machine 
and between spacecraft and ground will be examined in more detail 
by a series of feasibility analyses until "hard" design requirements 
can be worked out. During the design phase, crew requirements and 
procedures will be prepared in the form of requirements documents 
and mockup, simulation, and trainer requirements describing time- 
phasing and fidelity. The degree of fidelity and the type of 
simulation or trainer selected will have great cost and time impacts. 
These requirements will be traded using crew confidence, procedures 
confidence, and mockup cost as the principal criteria. 

During the design phase, use of mockups and preparation of analyses 
of crew tasks will produce changes to the design and the beginnings 
of operational procedures development. Using flight-similar arti- 
cles (often referred to as trainers), operational procedures will be 
developed and the selected flight crew will begin practicing antic- 
ipated tasks. Designation of the ground team will begin and communi- 
cations and responsibilities of the teams will be clarified. Design 
modifications continue -w-k,eii --".. - - A  L.. -..A+ r s y u i r = u  cu LUGGL U * c J O L " L .  

objectives cannot be economically or safely performed with the de- 
signed hardware. These modifications can be used to provide valuable 
design feedback in preparation for the next mission design. 

During the actual operation of the mission, the system engineering 
design team will be required to provide analyses of unusual or off- 
nominal performance of system elements and develop alternative 
methods of operation or inflight modification in support of opera- 
tional personnel. 

39 



In summary, systems engineering functions associated with the crew/ 
mission operations discipline are as follows: 

Coordinate with all disciplines in optimization of mission ob- 
j ec tives and requirements. 

Generate data requirements necessary for mission operation and 
evaluation. 

Generate mission documents such as various program support re- 
quests that are required by different technical disciplines. 

Conduct mission analysis to determine: integrated timelining 
of events (i.e., crew, experiment, spacecraft, and system se- 
quences); contingency planning; compatibility of systems versus 
mission requirements; identification of constraints associated 
with mission requirements; compliance with flight/mission pro- 
gram objectives; experiment and flight vehicle system data re- 
turn requirements; airborne/ground net capability and compati- 
bility required to satisfy data management requirements. 
activities are performed in conjunction with trajectory anal- 
ysis and navigation activities performed by other personnel. 

These 

Evaluate the technology base and provide initial allocation of 
functions to spacecraft versus ground and to manual versus 
mechanization. 

Determine launch mission rules and launch constraints as imposed 
by flight operations. 

Integrated flight mission rules. 

Perform flight operations implementation of payload/experiment 
systems and consumables monitoring requirements. 

Assist in training of flight controller and support personnel. 

Determine operations support requirements. 

Perform definition and implementation of simulations required 
for training and software development. 

Perform ground network support analysis and requirements defini- 
tion. 

Determine technical operations support and/or flight controller 
responsibility during miss ion. 
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Determine flight controller and operations support procedures. 

Determine flight operations and flight simulation ground equip- 
ment configuration requirements. 

Integrate operations support software requirements. 

Coordinate operations requirements generated by other engineering 
areas. 

Determine antenna coverage requirements during abort and alter- 
native missions. 

Coordinate engineering discipline support required during opera- 
tion of the mission. 

Provide data concerning crew and mission operations for pre- 
liminary trade studies. 

Perform crew operations activities as follows: 

Determine human factors design criteria, standards, and re- 
quirements. 

Perform crew task analyses, time lines and workload determin- 
ation. 

Perform mission feasibility analyses and madmachine function 
allocations. 

Determine life support requirements and crew schedule con- 
s traints. 

Provide inputs to manned simulation plans, associated data 
analysis, and recommendations. 

Provide crew-oriented inputs to mockup and trainer requirements. 

Determine specific madmachine interfaces and verify system 
performance by test. 

Develop contingency procedures for crew. 

Assist in EVA equipment requirements and procedures development. 
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j )  Determine crew s t a t i o n  l a y o u t ,  c o n t r o l  and d i s p l a y  r e a d a b i l i t y 1  
o p e r a b i l i t y  requirements and a n a l y s e s ;  l i n k  a n a l y s e s ;  anthro-  
pometric ana lyses ;  f a u l t  i s o l a t i o n  procedures and c r i t i c a l  s k i l l s  
ana lyses .  

k )  Provide des ign  d a t a  dur ing  t r a i n i n g ,  procedures development, 
o p e r a t i o n a l  and p o s t o p e r a t i o n a l  phases ,  

1 )  Assist i n  prepara t ion  of crew o p e r a t i n g  procedures and hand 
books. 

m) Perform crew procedures i n t e g r a t i o n  and c o m p a t i b i l i t y  a n a l y s i s .  

n)  Assist f l i g h t  crews i n  system des ign  reviews. 

0) Review a l l  GSE des ign  f o r  compliance wi th  program human engin- 
e e r i n g  requirements.  

p)  D e t e r m i n e  crew r e c r e a t i o n  t i m e  requirements .  

5. System V e r i f i c a t i o n  

Systems engineer ing v e r i f i c a t i o n  provides  s k i l l s  and methods f o r  
planning and implementing an  i n t e g r a t e d  des ign  and premission v e r i f i -  
c a t i o n  program a s  a p a r t  of t h e  d e f i n i t i o d d e s i g n  of a system. As 
i n  o t h e r  c e n t r a l  s y s t e m s  engineer ing  f u n c t i o n s ,  d e s i g n  and premis- 
s i o n  v e r i f i c a t i o n  requirements and approaches have a n  impact on a l l  
system elements and a re  a d i r e c t  f a c t o r  i n  miss ion  s u c c e s s  c o n f i -  
dence. The o b j e c t i v e s  of t h i s  f u n c t i o n  are t o  e s t a b l i s h  c o n s i s t e n t  
tes t  checkout and a n a l y t i c a l  approaches f o r  a l l  elements of t h e  
system, and t o  r e a l i z e  t h e  maximum confidence i n  miss ion  s u c c e s s  
with minimum cost  t o  t h e  program. 

System des ign  and premission V e r i f i c a t i o n  starts i n  t h e  concept 
phase where general  test and checkout ph i losophies  are examined 
i n  conjunct ion  wi th  system o p e r a t i o n s  a n a l y s e s .  I n  t h i s  phase of 
system development, concepts are i d e n t i f i e d  and examined as p a r t  of 
o p e r a t i o n a l  a v a i l a b i l i t y  f e a s i b i l i t y  a n a l y s i s  where r e a c t i o n  t i m e  o r  
frequency of checkout are f a c t o r s .  

The main f u n c t i o n a l  a c t i v i t i e s  of system v e r i f i c a t i o n  occur  i n  t h e  
d e f i n i t i o n l d e s i g n  phase. I n  t h i s  phase,  systems v e r i f i c a t i o n  
e s t a b l i s h e s  the  v e r i f i c a t i o n  concepts and requirements  b a s e l i n e  t h a t  
governs t h e  d e f i n i t i o n  and des ign  of mission and suppor t  system 
elements .  The i n i t i a l  a c t i v i t y  i s  t h e  development o f  an  i n t e g r a t e d  
system v e r i f i c a t i o n  plan.  This p lan  is aimed a t  e s t a b l i s h i n g  c o n s i s t -  
e n t  approach t o  t e s t i n g  and checkout v e r i f i c a t i o n  i n  a l l  d e s i g n ,  
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development and premission states (development testing, qualifi- 
cation, production, acceptance, storage, system assembly, integrated 
system checkout, launch countdown) to assure that at each level of 
complexity, total system, system element, subsystem, component and 
part, that the verification approaches are consistent, complete, 
and provide a desired degree of confidence. 
design and systems engineering disciplines occurs in the systems 
analysis t o  find a compatible initial requirement that can be used 
to drive the definition process. 
set, they become part of the systems criteria and are directed to 
all disciplines. 
these criteria as system element designs evolve and participate in 
trade studies where verification requirements are factors in the 
selection process. 
fication evaluates the system definition and design to determine 
that verification requirements have been completed and that the 
total system verification approach is complete. In summary, the 
following specific activities constitute the systems engineering 
verification functions. 

Interaction with other 

Once these requirements have been 

Subsequently, systems verification expands on 

In the final stage of each phase, systems veri- 

Systems Test Integration and Requirements 

Develop integrated test plans that define total.program test 
requirements, including development, qualification acceptance, 
and operational testing. 

Develop operational functional flows and timelines of program 
test and checkout requirements. 

Define test support requirements necessary to accomplish test 
requirements at offsite locations. 

Prepare and maintain the test section of system specifications 
and interface specifications. 

Establ l sh  azd i q l m e n t  t e s t  program trend  data analysis. 

Integrate detailed test requirements and success criteria for 
integrated system testing. 

Define system retest requirements for component replacement 
policy. 

Develop backout requirements for test phases where backout 
is critical to personnel or equipment. 
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9) Coordinate and document detailed engineering test requirements 
for special tests. 

10) Review and approve test sequence plans and system level test 
procedures prepared in compliance with test requirements. 

11) Monitor test program implementation to assure accomplishment 
in accordance with the intent of technical requirements. 

12) Accomplish test analysis and prepare test reports on system 
level development and qualification tests. 

Environmental Test Requirements - Responsible for environmental and 
qualification test requirements as follows: 

1) Establish environmental test requirements for components, sub- 
system and system testing as required. 

2) Coordinate and establish component test plans defining program 
technical requirements for component development, qualification 
and acceptance testing. 

3)  Review and approve environmental test fixtures and procedures 
including those required for qualification and environmental 
acceptance test (EAT). 

4 )  Monitor environmental development, qualification, and EAT testing. 

5) Review and approve qualification and system environmental test 
reports, and negotiate results with customer. 

Systems Test Analysis and Control - Responsible for systems test 
implementation as follows: 

1) Perform integrated mission/support equipment system analysis 
to implement system test sequencing and control for combined/ 
integrated system test. 

2) Define and control detailed step-by-step logic command/stimulus 
and/or expected response success criteria for item 1. 

3)  Review and approve all systems test procedures prepared t o  
implement the tests of item 1. 

4 )  Prepare and maintain documentation to identify usage and alloca- 
tion of mission-peculiar hardware and software affecting accept- 
ance test and operational usage of each article. 
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6. 

5 )  Provide engineering support required in above areas to implement 
rapid mission change, turnaround, and contingency operations. 

6) Assure that instrumentation/data is provided to accomplish 
adequate system test performance evaluation and fault isolation. 

7) Accomplish trend data analysis on system tests as required by 
the program. 

System Design and Integration 

System design provides and applies processes required to establish 
an optimized system technical approach (definition) from given 
requirements, develops compatible design requirements, and monitors 
the evolution of the design to assure that system design requirements 
are met. 

The overall goal of systems design is to optimize the technical path 
from given system requirements through the verification phase of 
the program. 

System Definition - The process of developing a system level design 
or design concept to meet the technical requirements is the system 
definition. This is accomplished through application and coordina- 
tion of specialized engineering disciplines, past experience, and 
knowledge relative to the state-of-the-art, and culminates in the 
establishment of the gross configuration of the system elements. 
Although only basic approaches are defined at this point, consid- 
erable sublevel system design insight is required to reduce the 
risks of downstream iterations subsequently impacting the top level 
approach. This risk can be reduced by involving project management, 
key personnel from other systems engineering disciplines, and key 
design specialist personnel, as required, and by developing an accur- 
ate and thorough understanding of the given system requirements. 

Systems engineering tools applicable to orderly establishment of a 
system definition include functional analysis, design synthesis, 
trade studies, and system block diagrams. For the resolution of 
critical, top level concept decisions, it may be necessary to employ 
tools of a more detailed nature; e.g., mathematical models or tra- 
jectory programs. 

The approach resulting from this program phase will encompass both 
performance and top level design requirements and must be documented 
in a system block diagram, functional analysis results, or other 
formalized means, and preserved along with applicable trade studies 
to form a basis for the systems design criteria. 
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System Requirements Def in i t ion  - Systems h a s  t h e  l ead  role i n  e s t ab -  
l i s h i n g ,  coord ina t ing  and documenting t h e  system and subsystem de- 
s i g n  requirements,  which w i l l  c o n s t r a i n  and c o n t r o l  t h e  t e c h n i c a l  
e f f o r t  dur ing  the des ign  d e f i n i t i o n  phase.  

This is accomplished through use  of c o n t r o l l i n g  systems and sub- 
systems design c r i te r ia  and i n t e r f a c e  c o n t r o l  requirements.  The 
process  of e s t a b l i s h i n g  des ign  c r i t e r i a  c o n s i s t s  of t e c h n i c a l l y  
i n t e r p r e t i n g  the  systems d e f i n i t i o n ,  de f ined  above, i n  terms o f ,  
f i r s t ,  a systems des ign  c r i te r ia ,  and subsequent ly ,  c r i t e r i a  f o r  
each s i g n i f i c a n t  subsystem o r  des ign  d i s c i p l i n e  a p p r o p r i a t e  t o  t h e  
program. The process  i s  a p rogres s ive  a n a l y s i s  of f u n c t i o n a l  re- 
quirements,  l ead ing  t o  d e f i n i t i o n  of a system of hardware, so f tware ,  
and t e c h n i c a l  t a s k s  t o  f u l f i l l  t h e  requi rements ,  and gene ra t ing  t h e  
d e t a i l  requirements f o r  t hese  elements.  This process  is continued 
t o  a l e v e l  of d e t a i l  beyond which t e c h n i c a l  assignments can b e  made 
t o  s p e c i a l t y  t echn ica l  groups w i t h  a low r i s k  of exper ienc ing  system 
i n t e g r a t i o n  or  c o m p a t i b i l i t y  problems. 

The t o o l s  employed t o  develop t h e s e  c r i t e r i a  i nc lude  s i z i n g  s t u d i e s ,  
t r a j e c t o r y  a n a l y s i s ,  loads  ana lyses  , s t a b i l i t y  ana lyses ,  accuracy 
and t o l e r a n c e  ana lyses ,  e tc .  Systems eng inee r ing  h a s  primary respon- 
s i b i l i t y  f o r  coord ina t ing ,  gene ra t ing  p o r t i o n s  o f ,  and a s s u r i n g  com- 
p a t i b i l i t y  of t hese  c r i t e r i a .  All o t h e r  systems engineer ing  d i s c i -  
p l i n e s  are  in t ima te ly  involved i n  t h i s  t a s k ,  and t h e  t e c h n i c a l  de- 
s i g n  a r e a s  have s i g n i f i c a n t  c o n t r i b u t i o n s ,  p a r t i c u l a r l y  i n  t h e  gen- 
e r a t i o n  of subsystem cr i ter ia .  

Products o f  the system des ign  requirements f u n c t i o n  fo l low.  

System Schematic Diagrams - F i r s t  l e v e l  schemat ics  d e p i c t  s y s t e m  
segments and end i t e m s  and t h e  i n t e r f a c e  r e l a t i o n s h i p s  among them. 
Second l e v e l  schematics are expansions of t h e  f i r s t  l e v e l  schemat ics  
and are prepared f o r  each subsystem o r  end i t e m  t o  d e p i c t  t h e  sub- 
s y s t e m  and m a j o r  component i n t e r r e l a t i o n s h i p s .  These schemat ics  may 
be incorpora ted  i n t o  t h e  system and subsystem d e s i g n  cr i ter ia ,  re- 
s p e c t i v e l y .  

Functional Time Line - This d e p i c t s  i n  s e q u e n t i a l  format t h e  t i m e /  
event r e l a t i o n s h i p  c o n s t r a i n t s  f o r  t h e  system miss ion  o r  o p e r a t i o n .  
This may a l s o  b e  incorpora ted  i n t o  t h e  des ign  c r i te r ia .  
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Design Criteria - The system criteria establishes requirements and 
constraints that will be imposed upon the design of the total sys- 
tem. This criteria contains the performance, operation, and design 
implementation requirements for the major system elements. This 
criteria expands the customer requirements contained in the SOW and 
specifications, and is based on System Defini t ion,  Section b, 5 of 
this chapter. 

Subsystem/element/end item criteria contain the performance, opera- 
tion, and design implementation requirements for the system segments, 
subsystems, and end items of hardware and software. These criteria 
expand the requirements contained in the systems criteria so that 
a competent designer or design organization can design the element, 
subsystem, or end item without further definition of requirements. 

Interface Requirements - Interface requirements de'f ine design and 
functional interrelationships among the major system segments, or 
between segments that are independently developed; e.g., subcon- 
tracted end item, or associate contractor program. These require- 
ments may be documented in separate interface control documents, or 
may be incorporated into the system and subsystem design criteria. 

Requirements that are contained in the various criteria documents 
listed above must be based upon sound rationale and should be 
traceable to their origin. The requirements in these documents 
should reflect results of functional analyses, allocation of system 
requirements,'trade studies, sizing analyses, customer direction, 
etc. Systems design personnel are responsible for documentation 
and dissemination of system design requirements, and for maintaining 
requirements until (typically) the critical design review point in 
the program. 

System Requirements Integration - Systems design assures that system 
design requirements (described above in System Requirements Defini- 
t ion  are, in fact, complied with as the design development phase of 
the program progresses. 

The system design goal of this task is to assure that the design 
develops as a system rather than as a collection of unrelated items. 
This is accomplished by a continuous, systematic surveillance of de- 
sign development outputs, including end item specifications, inter- 
face specifications, analytical studies, detail design drawings, 
functional schematics, test data and reports, and acceptance test 
specifications and data. 
ity with the intent of requirements documentation. Systems design is 
responsible for conducting compatibility reviews, identifying and 
tracking the problems, and coordination of systems-related corrective 
action. 

These outputs are reviewed for compatibil- 
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Systems design w i l l  d i r e c t  p a r t i c u l a r  a t t e n t i o n  t o  s u r v e i l l a n c e  of 
i n t e r f a c e s  between a d j a c e n t  des igns  c r e a t e d  i n  s e p a r a t e  areas of 
r e s p o n s i b i l i t i e s  t o  a s s u r e  t h a t  t h e  des igns  are mutually compatible.  

Although requirements i n t e g r a t i o n  is  a con t inu ing  p rocess  throughout 
t h e  des ign  development phase,  program reviews (descr ibed  i n  t h e  
following paragraphs) o f f e r  d i s c r e t e  checkpoin ts  i n  t h e  program where 
formal i n t e g r a t i o n  assessments can b e  made. 

Design Revieus - Design reviews are formal ,  t e c h n i c a l  reviews of a 
system o r  system segments t o  e s t a b l i s h  adequacy and system compati- 
b i l i t y  of design. The purposes of t h e  reviews are t o  a s s u r e  program 
management, c e n t r a l  engineer ing ,  and/or customer program monitors 
t h a t  t h e  s t u d i e s  performed and t h e  products  designed are of t h e  
h i g h e s t  p o s s i b l e  q u a l i t y  c o n s i s t e n t  w i t h  t i m e  and budget l i m i t a t i o n s ,  
and t o  a s s u r e  t h a t  t h e s e  products  s a t i s f y  system des ign  requi rements .  

Design reviews may b e  scheduled a t  va r ious  s t a g e s  i n  a program, de- 
pending on p a r t i c u l a r  program requi rements ,  bu t  g e n e r a l l y  reviews 
are he ld  t o  confirm es tab l i shment  of des ign  concept ,  a f t e r  prelim- 
i n a r y  des ign  i s  complete, and p r i o r  t o  release of f i n a l  engineer ing .  

Sys t ems  des ign  personnel ,  i n  conjunct ion  w i t h  p r o j e c t  management, 
schedule  convene, and conduct t h e  des ign  reviews. R e s p o n s i b i l i t y  
f o r  s p e c i a l i z e d  d i s c i p l i n e s  presented  a t  des ign  reviews i s  de lega ted  
t o  key personnel from o t h e r  systems engineer ing  o r g a n i z a t i o n s  ( e . g . ,  
R e l i a b i l i t y )  and from the s p e c i a l i s t  des ign  groups (e .g . ,  S t r u c t u r e s ) .  
‘It is  a l s o  t h e  r e s p o n s i b i l i t y  of systems des ign  personnel  t o  a s s u r e  
t h e  presence  of a p p r o p r i a t e  personnel  from wi thout  t h e  immediate 
p r o j e c t  area s o  t h a t  a broader  base  of t e c h n i c a l  competence and t h e  
exper ience  gained on o t h e r  programs may b e  a p p l i e d .  

The p r e s e n t a t i o n  approach used i n  des ign  review i s  aimed a t  v e r i f y i n g  
t r a c e a b i l i t y  of evolv ing  des ign  f a c t o r s  and c o m p a t i b i l i t y  w i th  t h e  
documented des ign  requirements.  Methods employed may be  a complete, 
sys t ema t i c ,  c h e c k l i s t  p r e s e n t a t i o n  of des ign  requi rements  ve r sus  de- 
s i g n  s t a t u s ;  or a more e f f i c i e n t  p r e s e n t a t i o n  ”by except ion”  wherein 
only those  a reas  are presented  t h a t  are  known o r  suspec ted  problems. 

I n  summary, w i t h i n  t h i s  d i s c i p l i n e ,  system c r i t e r i a ,  t e c h n i c a l  spec i -  
f i c a t i o n s ,  and o t h e r  system engineer ing  documentation are developed 
and maintained. Overa l l  system des ign  is e s t a b l i s h e d  and a l l  ele- 
ments are i n t e g r a t e d  i n t o  t h e  f u n c t i o n a l  system. The major s p e c i f i c  
tasks t o  b e  performed follow. 
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Establish system requirements and define basic system config- 
urations. 

Perform systematic system and Subsystem design analyses from 
compatibility and functional aspects. 

Conduct system design reviews. 

Perform technical rewews and assessment of all design change 
activity. 

Participate in or lead trade studies for system design optimi- 
za t ion. 

System Element Integration -- 
Perform overall integration between major system elements. 

Define interface requirements and constraints between major 
system elements. 

Coordinate interface definition activity within engineering 
functional activities. 

Serve as single point engineering contact for systems 
integration among organizational elements. 

Conduct design and integrity reviews and compatibility 
analysis. 

Electromagnetic Compatibility -- 
a) Generate and maintain EMC control and test plans. 

b) Participate in or chair EMC technical working groups. 

c) Review all design engineering for compliance with require- 
ments. 

d) Monitor subsystem EMC tests and conduct system EMC demonstra- 
tion tests. 

e) Establish design requirements for EMC test tooling. 

49 



7 .  

I 
Mission 
Ob jec t ives  

* 

8) Design Review Management -- 
a )  Es t ab l i sh  need f o r  rev iews ,  types of reviews, review 

schedules ,  and major p a r t i c i p a n t s ,  through coord ina t ion  
w i t h  p r o j e c t .  

b )  Es t ab l i sh  review teams. 

c )  Prepare des ign  review d i r e c t i v e s .  

I 
Mission 
Ob jec t ives  

* 

d)  P a r t i c i p a t e  i n  management pane l  as s e c r e t a r y ,  r eco rd ing  
act iof i  items, and a s s u r i n g  t h e i r  i n c l u s i o n  on proper  open 
items l i s t .  

1 

e )  Maintain r eco rds  of reviews, t r a c k  a c t i o n  i t e m  c l o s u r e s ,  
and method and s u i t a b i l i t y  of d i s p o s i t i o n .  

1 

I n t e g r a t e d  Log i s t i c s  Support 

Mission 
Requirements 

r 

The l o g i s t i c s  support  f u n c t i o n a l  a c t i v i t i e s  are included under cen- 
t r a l  s y s t e m s  even though i t  is g e n e r a l l y  a s e p a r a t e  o r g a n i z a t i o n .  
The reason f o r  t h i s  is t h a t  t h e  i n t e g r a t e d  l o g i s t i c s  suppor t  ele- 
ments make up a complete s y s t e m  i n  t h e  sense  t h a t  they c o n s i s t  of 
equipments, f a c i l i t i e s ,  pe r sonne l ,  and procedures t h a t  f u n c t i o n  to- 
ge the r  t o  determine miss ion  r e l a t e d  requirements.  These requ i r e -  
ments are  c o r r e l a t e d  wi th  t h e  miss ion  system and t h e  accomplishment 
of t h e  o v e r a l l  mission o b j e c t i v e s .  This r e l a t i o n s h i p  is i l l u s t r a t e d  

- 

i n  F igure  11. 

Mission 
Requirements 

r 

Mission 
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Figure 11 Total System Configuration 
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The systems engineering functional activities relate directly to the 
effectiveness of the system in performing the mission and in mini- 
mizing the cost, and in cost effectiveness. The logistics support 
is one of the primary factors in achieving a specified level of 
availability. This parameter is a measure of assurance that the 
system will be ready to perform the mission when called on to do so. 

To provide effective logistics support for a system, with maximum 
cost effectiveness, an optimum balance must be maintained between 
the quantities and types of spares selected, and the maintenance 
requirements, reliability, and maintainability implications. Pro- 
vision of the least costly set of spares may create a repair/re- 
placement situation that is very costly, or conversely, the most 
economical maintenance situation in terms of equipment and person- 
nel may require a costly set of spares to complement it. Added to 
the complexities of achieving this economical balance of spares and 
maintenance requirements are such specific requirements as mainte- 
nance reaction times, maximum allowable downtime, and maintenance of 
acceptable levels of system safety. 

To achieve optimum system effectiveness, analyses to define logistics 
requirements must begin early in the system concept and definition 
phase and continue as an iterative process through completion of 
detail design. 
other systems analysis/systems engineering activities because of 
interactions with other elements. 
create a requirement for objective, systematic methods for evaluating 
alternatives; i.e., tradeoff techniques to assist the decision making 
processes. The general approach to this problem is to express all 
maintenance effort (manpower, test equipment, technical data, and 
maintenance support facilities) using personnel of average skill under 
operational environment conditions in which scheduled and unscheduled 
maintenance will be performed. Note that this characteristic should 
be distinguished from "repairability" with which it is often identi- 
fied as synonymous, and which excludes the additional coverage of 
ease of preventive maintenance and servicing. 

The logistics analyses must also be integrated with 

The many conditions imposed 

Maintainability influences the downtime, once a failure has occurred. 
Downtime can be decreased by a system that can be readily repaired 
or serviced. 

Logistics depend upon those characteristics of design and install- 
ation that determine the probability that the system will conform 
to specified operational performance requirements, or state or 
readiness, when supported within the resources of the available per- 
sonnel subsystem and logistics support and maintenance. It is an 
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element of both l o g i s t i c a l  systems e f f e c t i v e n e s s  and o p e r a t i o n a l  
r ead iness  and, thereby ,  of o p e r a t i o n a l  systems e f f e c t i v e n e s s .  
L o g i s t i c s  s u p p o r t a b i l i t y  can be  eva lua ted  as t h e  economy i n  t i m e ,  
men, suppor t  m a t e r i e l ,  and f a c i l i t i e s ,  and t h e i r  c o s t .  

L o g i s t i c s  in f luence  a v a i l a b i l i t y  through w a i t i n g  t i m e  f o r  r e p a i r  
o r  s e r v i c e  which, i n  t u r n ,  may b e  f u n c t i o n s  of s p a r e s ,  d i s t a n c e ,  
speed, and design d e l a y s .  I t  a l s o  inc ludes  wa i t ing  f o r  p a r t s ,  f a c i l -  
i t i e s ,  personnel,  e t c  t o  become a v a i l a b l e .  

A t  t h e  system l e v e l ,  modeling techniques  are developed f o r  combining 
m a i n t a i n a b i l i t y ,  s a f e t y ,  r e l i a b i l i t y ,  e t c  parameters t o  e s t a b l i s h  
va lues  of these  parameters t h a t  meet t h e  a v a i l a b i l i t y  requirement 
f o r  t h e  sys t em.  P r o b a b i l i t y  of launch-on-time a n a l y s i s  models, f o r  
example, provide t h e  means f o r  examining t h e  problem i n  t e r m s  of 
mean t i m e s  between f a i l u r e  (MTBF). and mean t i m e  t o  r e p a i r  (MTTR), 
and t h e  launch ope ra t ion  t i m e  l i n e .  L o g i s t i c s  t oge the r  w i t h  system 
e f f e c t i v e n e s s  develop t h e  means f o r  t r a n s l a t i n g  MTBFs, MTTRs, f a i l -  
ures c r i t i c a l  t o  s a f e t y ,  FMECAA, i n t o  meaningful des ign  parameters .  

This t r a n s l a t i o n  t akes  t h e  .form of r e l i a b i l i t y  , m a i n t a i n a b i l i t y ,  
and l o g i s t i c s  c r i t e r i a  and p o l i c i e s  t h a t  govern t h e  d e f i n i t i o n l d e -  
s i g n  of t h e  system. 

The l o g i s t i c s  c r i t e r i a  u l t i m a t e l y  s e l e c t e d  f o r  t h e  def i n i t i o n l d e s i g n  
of t h e  system must meet t h e  fo l lowing  requirements.  They must b e  -- 

1) q u a n t i t a t i v e ;  

2 )  s u f f i c i e n t l y  meaningful t o  t h e  s y s t e m  des igne r  and system 
a n a l y s t  t o  p e r m i t  t h e i r  u se  as des ign  and e v a l u a t i o n  c r i t e r i a  
f o r  a given system; 

3)  s u f f i c i e n t l y  meaningful t o  t h e  u s e r  and miss ion  a n a l y s t  t o  
permit t h e i r  va lue  t o  b e  s p e c i f i e d  and i n t e r p r e t e d  i n  terms of 
t h e  mission. 

The s y s t e m s  engineer ing  a c t i v i t i e s  involved i n  t h e  development of 
t h e  l o g i s t i c s  support  system fo l low.  

1 )  Develop l o g i s t i c s  b a s e l i n e s  t h a t  d e l i n e a t e  a l l  t h e  tests, check- 
o u t ,  and ope ra t iona l  f u n c t i o n s  f o r  which l o g i s t i c s  suppor t  must 
b e  provided. 
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2) Determine a maintenance policy for the total system; i.e., where 
maintenance will occur (depot or field), level of maintenance 
(black box or component), testing requirements after repair, 
preventative maintenance versus corrective maintenance, etc. 

3) Determine spares policy for all operational phases of the mission 
system; i.e., level of spares, location of spares, spares deter- 
mination, spares provisioning, etc. 

4 )  Determine equipment requirements for maintenance activities; 
i.e., tools, tool kits, test equipment, ground support equip- 
ment, etc. 

5) Determine facilities requirements. 

6 )  Determine personnel and skill requirements. 

7) Determine procedure requirements. 

8 )  Determine base support requirements for maintenance activities. 

9) Determine training requirements, training equipment requirements. 

10) Conduct training courses. 

11) Plan transportation activities. 

8. Sunmrary 

The central systems engineering discipline provides skills and pro- 
cedures t o  address the system development problem in terms of the 
factors that make up the design verification and use of the system. 
These factors cover the specialist areas of design and integration, 
system performance, system effectiveness verification and crew/ 
mission operations. These factors all have the characteristic of 
hrnsrlly affecting a l l  elements of the system, and thus affect "what 
technical disciplines do" in the definition of concepts and design 
requirements for system elements. This relationship results in the 
matrix organization structure shown. 

The crossover points identify interrelationships in which technical 
disciplines participate in the definition of the system. The nature 
of the relationship and the functions performed by the technical 
disciplines in the total system definition are discussed in the next 
section. 
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B. SYSTEMS ENGINEERING FUNCTIONS OF TECI.LVICAL DISCIPLINES 

Design d i s c i p l i n e s  are an i n t e g r a l  p a r t  of systems engineer ing  
and perform func t iona l  a c t i v i t i e s  t h a t  have a d i r e c t  bea r ing  on 
the  consis tency and completeness of the  t o t a l  system. The system 
func t iona l  activit ies of design d i s c i p l i n e s  inc lude  management 
ac t iv i t ies  performed at  the  organiza t ion  level and thos performed 
by t h e  design d i s c i p l i n e  groups involvad i n  s y s  t e m  development . 
I n  the  fol lowing s e c t i o n ,  management activit ies of design d i s c i -  
p l i n e s  and the subsequent s y s t e m  func t iona l  activit ies of  t he  
t echn ica l  d i s c i p l i n e  groups w i l l  be covered. 

a. System Funct ional  A c t i v i t i e s  of Technical  D i sc ip l ine  Organizat ions 

The t echn ica l  d i s c i p l i n e s  engaged i n  a s y s  tern development are 
organized i n  many ways, depending on management judgment. What- 
ever the  s t r u c t u r e ,  s p e c i a l i s t s  are grouped toge the r  from both a 
p r o j e c t  and a d i s c i p l i n a r y  p o i n t  of view. Figure 12 i l l u s t r a t e s  
t h i s  concept. This s e c t i o n  i s  concerned wi th  systems engineer ing  
a c t i v i t i e s  of t hese  organiza t ions ,  t h e  o b j e c t i v e s  , and t h e i r  re- 
l a t i o n s h i p  t o  the  central systems d i s c i p l i n e .  

These systems engineer ing  a c t i v i t i e s  may o r  may n o t  be i d e n t i f i e d  
as organ iza t ion  elements but  t he  r o l e s  and r e s p o n s i b i l i t i e s  never- 
theless must be i d e n t i f i e d  and recognized as p a r t  of each design 
d i s c i p l i n e .  Implementation of systems engineer ing  as a workable 
f a c t o r  i n  the  engineer ing  organiza t ion ,  t h e  r e l a t i o n s h i p  between 
the  systems engineer ing  d i s c i p l i n e  and those of t he  t echn ica l  
d i s c i p l i n e s  must be  s p e c i f i c  and w e l l  def ined.  

1. 

The func t iona l  activit ies of the  engineer ing  o rgan iza t ions  (e lec-  
tr ical/  e l e c t r o n i c s ,  s t ruc ture /mechanica l ,  f l i g h t  mechanics/aero- 
b a l l i s t i c s ,  e t c ) ,  are uniformly the  same and r ep resen t  the  means 
f o r  implementing. systems engineer ing act ivi t ies .  
f a i l  into the  ca t egor i e s  or' requirements s y n t h e s i s  &id des ign ,  
and eva lua t ion .  

These activit ies 

Requirements Def in i t i on  a n d  Control  

I n  t h e  d e f i n i t i o n  and design phases ,  system requirements  are com- 
p i l e d  and i s sued  as d i r e c t i o n  a t  the  beginning of  each phase. 
During t h e  phase a c t i v i t y  these  b a s e l i n e  requirements are main- 
t a ined  (modified and expanded), and a t  t h e  end of the phase are 
source  d a t a  f o r  s p e c i f i c a t i o n s  t h a t  govern t h e  n e x t  phase activ- 
i t y .  The systems func t ion  i n  each des i@ organ iza t ion  performs 
the  fol lowing a c t i v i t i e s  for  t he  s p e c i a l i s t  groups represented .  
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1 )  P a r t i c i p a t e  i n  the  i n i t i a l  requirements a n a l y s i s  f o r  expansion 
of requirements i n t o  a b a s e l i n e ;  f o r  example: 

F l i g h t  mechanics/aeroballistics -- 
I d e n t i f y  and descr ibe  r e fe rence  t r a j e c t o r y .  

Define r e fe rence  atmospheric model. 

Structures/Mechanical  -- 
I d e n t i f y  approved materials list (flammability/outgassing) . 
Define system outboard/inboard system p r o f i l e  t o  be 
s t u d i e d  and/or def ined.  

I d e n t i f y  dynamics c h a r a c t e r i s t i c s .  

E l e c t r i c a l / E l e c t r o n i c s  -- 
I d e n t i f y  b a s i c  e l e c t r i c a l  power type and q u a l i t y .  

I d e n t i f y  i n i t i a l  a l l o c a t i o n s  t o  a l l  users. 

2) Provide the  means f o r  implementing system requirements i n  
each des ign  s p e c i a l t y  area and a s s u r e  t h a t  each design spe- 
c i a l t y  area i d e n t i f i e s  and employs these  requirements  i n  the 
d e f i n i t i o n / d e s i g n  process.  

3) Maintain cognizance of a l l  dev ia t ions  from system requi re -  
ments and coord ina te  these wi th  c e n t r a l  systems and ob ta in  
d i s p o s i t i o n  (approval /disapproval)  . 

4) Maintain v i s i b i l i t y  t o  t he  expansion of requirements  i n  each 
s p e c i a l t y  area (guidance, s t r u c t u r e ,  e l e c t r i c a l  power, e t c )  
by main ta in ing  func t iona l  models, b lock  diagrams, schemat ics ,  
and o t h e r  d e s c r i p t i v e  da t a .  

5) During d e f i n i t i o d d e s i g n ,  compile and i n t e g r a t e  requirements 
t h a t  m u s t  be  implemented by o t h e r  o rgan iza t ions ,  and coordi-  
n a t e  wi th  t h e  rece iv ing  o rgan iza t ion ;  f o r  example, a l l  e l e c -  
t r i c a l / e l e c t r o n i c  systems f a c i l i t y  requirements would be com- 
p i l e d  and descr ibed  and t r ansmi t t ed  t o  the  o rgan iza t ion  re- 
spons ib l e  f o r  f u r t h e r  compilation and i n t e g r a t i o n  p r i o r  t o  
t ransmiss ion  t o  the  f a c i l i t y  design agency. This  a c t i v i t y  
would be performed using the  documentation and procedures 
s p e c i f i e d  by central systems. 
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2. 

11) 

Assure t h a t  t h e  methods and documentation f o r  i d e n t i f i c a t i o n ,  
func t iona l  d e f i n i t i o n  and s o l u t i o n  of i n t e r f a c e s  is employed. 

P a r t i c i p a t e  i n  i n t e r f a c e  pane l s  and a s s u r e  t h a t  p roper  s p e c i a l -  
ists are involved. 

Maintain cognizance over  scheduled commitments and i d e n t i f y  
t echn ica l  requirements  i n p u t s  r equ i r ed  as w e l l  as ou tpu t s  t o  
o t h e r  o rgan iza t iona l  e lements .  

A t  t h e  end of each phase,  a s s u r e  t h a t  t h e  output  s p e c i f i c a -  
t i o n  approaches def ined  by c e n t r a l  systems are implemented. 

Compile s p e c i f i c a t i o n  requirements and provide  them t o  c e n t r a l  
systems f o r  i n t e g r a t i o n  i n t o  s p e c i f i c a t i o n s  t h a t  w i l l  govern 
t h e  nex t  phase a c t i v i t y .  

Provide task d a t a  d e f i n i t i o n  f o r  i n c l u s i o n  i n  the  SOW, WBS, 
and d a t a  requirements  lists f o r  RFP and c o n t r a c t s  f o r  t he  
next  program phase. 

I d e n t i f y  gene ra l  requirements  f o r  methods / techniques and de- 
sign, and cons t ruc t ion  s t anda rds  t h a t  govern the  nex t  phase 
act ivi t ies .  

Synthes is  and Decis ions 

Within each design o rgan iza t ion  the  d e f i n i t i o n / d e s i g n  ac t iv i t i e s  
subsequent  t o  d e f i n i t i o n  of requirements is  t h e  s e l e c t i o n  of a 
des ign  s o l u t i o n  t h a t  b e s t  meets t h e  composite requirements .  I n  
t h i s  ac t iv i ty ,  t h e  systems engineer ing  element of  each design 
o rgan iza t ion  provides  t h e  s k i l l s  and resources  t o  a s s u r e  t h a t  t h e  
s e l e c t i o n  of s o l u t i o n s  is  based on m e r i t  t o  t h e  system, and t h a t  
t he  s o l u t i o n s  ( conf igu ra t ion ,  pre l iminary ,  o r  d e t a i l  design)  are 
i n t e g r a t e d  i n t o  the  system. The s p e c i f i c  f u n c t i o n a l  activit ies 
follow. 

1) Assure t h a t  t h e  methodology f o r  conduct of t r a d e  s t u d i e s  is  
implemented by des ign  s p e c i a l i s t .  

2) Provide an i d e n t i f i c a t i o n  of a l l  t r a d e  s t u d i e s  t h a t  have been 
i d e n t i f i e d  as p o t e n t i a l l y  having impact on the  t o t a l  system. 

3) For the  t r ade  s t u d i e s  i n  i t e m  21, review and e v a l u a t e  t h e  
t r a d e  s t u d i e s  f o r  compliance wi th  requirement  f o r  c o n t e n t  and 
se le  c t i o n  c r i  t e ria. 
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A c t  as a f o c a l  p o i n t  contac t  w i t h  c e n t r a l  systems and t h e  
p r o j e c t  f o r  t r a d e  s t u d i e s  i.nvolving o t h e r  m g a n t z a t t o n s  and 
des ign  d i s c i p l i n e s .  

Maintain a list of p r o b l e m ,  open items, d i s c r e p a n c i e s ,  and 
fol low up on t h e i r  r e so lu t ion .  

Provide a s i n g l e  p o i n t  contact f o r  i n t e r f a c e  wi th  c e n t r a l  sys-  
tem s p e c i a l i s t s  ( r e l i a b i l i t y ,  s a f e t y ,  v e r i f i c a t i o n ,  etc) f o r  
t h e  implementation of these requirements  i n t o  t h e  s y n t h e s i s  
s o l u t i o n s .  

Maintain c o n t r o l  over  s imula t ions  and performance models t h a t  
form the  b a s i s  f o r  s i z i n g  and a l l o c a t i o n  of system performance; 
i.e., t r a j e c t o r y  s imula t ion ,  s t r u c t u r a l  model, a n a l y s i s  model, 
guidance e r r o r  a n a l y s i s .  

Maintain cognizance o f  conf igu ra t ion  and des ign  s o l u t i o n  de- 
s c r i p t i o n  and backup d a t a  (schematics ,  drawings, ana lyses ,  
s t u d i e s  , etc) . 

3. Evalua t ion  

The e v a l u a t i o n  of results i n  t h e  d e f i n i t i o d d e s i g n  phase is made 
up of p e r i o d i c  indepth  assessments of t h e  development r e s u l t s .  
These assesemente are made a t  a l l  levels of system complexity and 
program o rgan iza t ion  t o  determine t h a t  the  planned c o s t ,  schedule ,  
and t e c h n i c a l  r e e u l t s  are being achieved. The types of reviews 
i n  a program are program s t a t u s  , program b a s e l i n e  , system des ign ,  
d e t a i l  des ign ,  change con t ro l  board meet ings,  and i n t e r c o n t r a c t o r  
o r  agency reviews. 

I n  each of t h e s e  activities, t h e  systems eng inee r ing  group of t h e  
t e c h n i c a l  o r g a n i z a t i o n s  involved w i l l  -- 
1) Provide r e p r e s e n t a t i o n  f o r  t h e  t e c h n i c a l  s p e c i a l i t y  groups in -  

volved i n  program and s y s t e m  reviews. 

2) P r e s e n t  t e c h n i c a l  status and r e p o r t  on problems. 

3) Plan  and conduct design reviews of each subsystem and fol low 
up on problems and d iscrepancies .  

4) R e v i e w  and assess program and system changes t o  concepts ,  re- 
quirements ,  and des ign  s o l u t i o n s  f o r  impact on subsystems. 
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I n  summary, the systems engineer ing  element of each des ign  engi-  
neer ing  organiza t ion  performs func t ions  t h a t  implement t h e  c e n t r a l  
systems requirements and provide the  f o c a l  p o i n t  f o r  t e c h n i c a l  
s p e c i a l t i e s  i n  i n t e r a c t i o n  t h a t  takes  p l ace  between c e n t r a l  sys-  
tems and p r o j e c t  func t ions .  

b.  Systems Engineering Functions of Technical  D i sc ip l ine  Groups 

The engineer ing and s c i e n t i f i c  d i s c i p l i n e s  provide s k i l l e d  re- 
sources  t h a t  t ransform mission requirements i n t o  s o l u t i o n s  de- 
s c r i b e d  by performance and design requirements and system element 
concepts.  
p r o j e c t  management i n  each program phase and m a k e  up t h e  techni -  
c a l  development team. These d i s c i p l i n e s  provide t h e  c r e a t i v e  and 
innovat ive  s k i l l s  t o  conceive and d e f i n e  equipments f a c i l i t i e s ,  
personnel ,  and procedures t h a t  work toge the r  and c o l l e c t i v e l y  
c o n s t i t u t e  the t o t a l  system. 

These d i s c i p l i n e s  are i d e n t i f i e d  and assembled by 

The func t iona l  activit ies of these  t e c h n i c a l  d i s c i p l i n e s  can be 
of two types :  those  t h a t  have a s i g n i f i c a n t  bea r ing  on t he  to ta l  
system, and those t h a t  have impact on the  c h a r a c t e r i s t i c s  and per-  
formance of a subsystem r e s u l t i n g  i n  no s i g n i f i c a n t  system e f f e c t .  

The systems engineer ing f u n c t i o n a l  ac t iv i t ies  of t e c h n i c a l  d i s c i -  
p l i n e s  are those t h a t  d i r e c t l y  involve  s e l e c t i o n  of a s o l u t i o n  
t h a t  b e s t  meets the  performance requirements of t he  mission and 
s y s  tern des ign  requirements.  

The mission performance requirements are those t h a t  can be t raced  
d i r e c t l y  t o  mission requirements of each mission state; i .e . ,  de- 
l i v e r i n g  the  payload, performing the  ob jec t  miss ion ,  and r e tu rn -  
i ng  the payload and/or  da t a .  To i l l u s t r a t e  t h i s  type  of mission 
requirement,  the mission a n a l y s i s  of a payload d e l i v e r y  system 
i d e n t i f i e s  a guidance and nav iga t ion  accuracy requirement.  Guid- 
ance and navigat ion design s p e c i a l i s t s  would conceive f l i g h t  and 
ground guidance schemes t o  achieve t h i s  mission c a p a b i l i t y .  In 
t h i s  example, the  guidance d i s c i p l i n e  would thus  d i r e c t l y  impact 
a primary mission requirement.  

The s y s t e m  design requirements are those  t h a t  c e n t r a l  systems 
engineer ing  and o t h e r  t e c h n i c a l  d i s c i p l i n e s  e s t a b l i s h  as a p a r t  
of t he  system de f in i t i on /des ign  process  t h a t  must be  implemented 
by a t echn ica l  d i s c i p l i n e  f o r  t he  system t o  be  complete and i n t e -  
gra ted .  To illustrate t h i s ,  the  b e s t  system s o l u t i o n  t o  t h e  guid- 
ance and navigat ion problem, the  guidance d i s c i p l i n e  i s  faced wi th  
the  fo l lowing  requirements : 
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The syn thes i s  of s o l u t i o n s  by t echn ica l  d i s c i p l i n e s  of system 
elements i s  an i n t e g r a t e d  team a c t i v i t y  i n  most cases. The per- 
formance and design c h a r a c t e r i s t i c s  of system elements are h igh ly  
c o r r e l a t e d  and i t  i s  no t  gene ra l ly  p o s s i b l e  f o r  a s o l u t i o n  t o  be 
developed independently of o the r  d i s c i p l i n a r y  a c t i v i t i e s .  The 
d e f i n i t i o n  of guidance equipment by a guidance d i s c i p l i n e  is  an 
example of t h i s .  
r e l a t e d  i n t e r a c t i o n  of guidance, p ropuls ion ,  s t r u c t u r e ,  f l i g h t  
con t ro l s  and f l i g h t  mechanics d i s c i p l i n e s .  These d i s c i p l i n e s  
come together  t o  desc r ibe  the  mission problem i n  terms of i n t e -  
gra ted  analyses and s imula t ion  s t u d i e s  wi th  the o b j e c t i v e  of f ind-  
i n g  so lu t ions  t h a t  are mutually compatible and meet t h e  o v e r a l l  
sys  t e m  performance. 

The sys t em performance s i z i n g  is a h igh ly  cor- 

Another type of  systems engineer ing  f u n c t i o n a l  a c t i v i t y  involves  
s e t t i n g  requirements o r  de f in ing  s o l u t i o n s  t h a t  have a broad e f -  
f e c t  on other  elements of t he  system. 
t o  d e f i n i t i o n  of some por t ion  of the  system makes dec is ions  t h a t  
must be considered i n  o t h e r  system element designs.  
t he  following are e s t a b l i s h e d  by design d i s c i p l i n e s  t h a t  have a 
broad system e f f e c t :  

Each d i s c i p l i n e ,  devoted 

For example, 

Approved Material - Materials specialists determine the  ma- 
terials p r o p e r t i e s  t h a t  are necessary from t h e  s t andpo in t  of 
mission compat ib i l i ty .  
terials t h a t  must be used i n  a l l  designs.  The materials and 
processes  characteristic may b e ,  as i n  t h e  case  of a manned 
system, flammabili ty and outgassing.  

The r e s u l t  is  an approved l i s t  of ma- 

EZectY*ical Power - The e l e c t r i c a l  engineer ing  d i s c i p l i n e  
determines the  type of e l e c t r i c a l  power t o  be generated and 
d i s t r i b u t e d  t o  the  system equipments. This d e f i n i t i o n  of 
vo l t age ,  frequency, and a l l o c a t e d  capac i ty  and grounding 
philosophy become system requirements t h a t  a f f e c t  t he  d e f i n i -  
t i o n  a n d  design of o t h e r  system elements and subsystems. 

Connmrnicatiuns Capacity - In  s i z i n g  t h e  communication system, 
communication s p e c i a l i s t s  determine the capac i ty  (number of 
channels,  number of func t ions ,  e t c )  , and a l l o c a t e  these t o  
users .  The a l l o c a t i o n  of capac i ty  toge the r  wi th  s e n s i t i v i t y  
and accuracy of t h i s  system become c o n s t r a i n t s  t h a t  a f f e c t  
t he  subsequent design of o t h e r  system equipments. 

This type of "system" requirements become , p a r t  of systems requi re -  
ment base l ine  developed and i s sued  as a d i r e c t i v e  by central sys-  
tems engineer ing f o r  each system development phase. 
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The design d i s c i p l i n e s  a l s o  perform systems engineer ing  ac t iv i t i e s  
as a p a r t  of the  management and execut ion  of t h e  development i n  each 
phase. As descr ibed  i n  Sec t ion  V,A,a ,  c e n t r a l  systems engineer -  
i n g  func t iona l  a c t i v i t i e s ,  a key f a c t o r  i n  achiev ing  t o t a l  system 
o b j e c t i v e s  i s  a b a s e l i n e  requirements management approach. 
approach i n t e g r a t e d  and compatible requirements  i n i t i a t e  each 
phase and are maintained and updated dur ing  each phase by c e n t r a l  
systems engineer ing .  
da ted  by formal program and des ign  reviews. 

I n  t h i s  

P rogres s ive ly ,  b a s e l i n e  requirements  are up- 

The design d i s c i p l i n e s  are involved i n  t h i s  a c t i v i t y  i n  terms of -- 
c o n t r i b u t i n g  t o  t h e  i n i t i a l  requirements;  

p a r t i c i p a t i n g  i n  the  maintenance ( r e v i s i o n  and update)  of  sys-  
t e m  requirements ; 

provid ing  output  r e s u l t s  of  phase a c t i v i t y  ( conf igu ra t ion ,  
d e s c r i p t i o n ,  and performance and design requirements)  ; 

suppor t ing  and p a r t i c i p a t i n g  i n  program and des ign  reviews; 

p a r t i c i p a t i n g  i n  r e so lu t ion  of i n t e r f a c e s  between system ele- 
ments and subsystem. 

Another type of  t e c h n i c a l  d i s c i p l i n e  systems eng inee r ing  func- 
t i o n a l  a c t i v i t y ,  an i n t e g r a t i o n  a c t i v i t y ,  r e s u l t s  from t h e  organi-  
z a t i o n a l  s t r u c t u r e  of  t he  program. Where t h e  system elements  are 
developed by a combination of con t r ac to r s  and agencies ,  t he  d e f i n i -  
t i o n  of  t e c h n i c a l  requirements e s t a b l i s h e d  the  need f o r  a s p e c i a l  
i n t e g r a t i o n  a c t i v i t y .  An example of t h i s  is found i n  thermal  
a n a l y s i s .  
t e m  is  a func t ion  of an i n t e g r a t e d  thermal a n a l y s i s  of t h e  space- 
c r a f t  i n  each mission s t a t e .  
a number of modules and a v a r i e t y  of payload and eng inee r ing  

a n a l y s i s  t h a t  s i z e s  and de f ines  requirements f o r  each module must 
be an i n t e g r a t e d  model of  the t o t a l  s p a c e c r a f t  d e f i n i t i o n  would 
t h e r e f o r e  develop, i n  conjunct ion wi th  the  module c o n t r a c t o r s  and 
agencies ,  an i n t e g r a t e d  thermal a n a l y s i s  model which would be used 
t o  s i z e  the  thermal con t ro l  system. 
charged wi th  thermal  ana lys i s  i n  the  s p a c e c r a f t  program organiza-  
t i o n  would perform t h i s  funct ion.  This  type of design d i s c i p l i n e  
i n t e g r a t i o n  a c t i v i t y  has  a s i g n i f i c a n t  impact on the  cons is tency  
and completeness of the  t o t a l  system. Such ac t iv i t i e s  are a p a r t  
of the  i n t e r f a c e  d e f i n i t i o n  and form t h e  b a s i s  f o r  making i n t e r -  
f a c e  dec i s ions  and ve r i fy ing  t h e  v a l i d i t y  of i n t e r f a c e  s o l u t i o n s .  

The thermal c o n t r o l  requirement f o r  a s p a c e c r a f t  sys-  

This  s p a c e c r a f t  may be  composed of  

equipment5 which ii;vo>;e ss-;cr& c ~ z t r a c t o r s  c,?d aoenr ies  -0--- -- - - 

The t e c h n i c a l  d i s c i p l i n e  
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In  summary, t h e  . t e c h n i c a l  d i s c i p l i n e s  i n  the  system program organi- 
za t ion  perform systems engineer ing  func t ions  t o  i n t e g r a t e  the  
a c t i v i t i e s  wi th in  t h e  d i s c i p l i n e  t o  a s s u r e  t h a t  t he  requirements  
d e f i n i t i o n  performed by elements  of t h e  system are c o n s i s t e n t  and 
c o n s t i t u t e  a t o t a l  system s o l u t i o n .  I n  g e n e r a l ,  t hese  f u n c t i o n a l  
a c t i v i t i e s  follow. 

1)  I n t e g r a t e  requirements .  

2) I d e n t i f y  and se lec t  concept candida te .  

3) Es tab l i sh  and a l l o c a t e  subsystem requirements .  

4 )  Perform i n t e g r a t i o n  ana lyses  f o r  requirements  d e f i n i t i o n  and 
s y s  tern concept d e f i n i t i o n .  

5) Perform i n t e r f a c e  d e f i n i t i o n  and coord ina t ion .  

I n  gene ra l  the sys t ems  engineer ing  f u n c t i o n a l  a c t i v i t i e s  of  the  
t e c h n i c a l  d i s c i p l i n e s  are descr ibed  as fo l lows  : 

Perform an a n a l y s i s  of miss ion ,  systems and subsystem requ i r e -  
ments and i d e n t i f y  t h e  concepts t h a t  are candida te  s o l u t i o n s .  

Implement t h e  system t r a d e  s tudy  requirements  provided by 
c e n t r a l  systems i n  s e l e c t i n g  f e a s i b l e  approaches.  

Develop models, s imula t ions  f o r  a l l o c a t i n g ,  s i z i n g ,  and 
eva lua t ing  performance and design requirements  and s o l u t i o n s  
f o r  subsystems of system elements.  

Generate and provide t o  systems eng inee r ing  performance and 
design requirements and c o n s t r a i n t s  t h a t  b roadly  a f f e c t  the  
t o t a l  system. 

Co l l ec t  requirements t h a t  a f f e c t  o t h e r  system elements and 
provide  them t o  t h e  o r g a n i z a t i o n a l  e lements  t h a t  are charged 
wi th  i t s  design.  

Assure tha t  i n t e r f a c e s  between subsystems are completely de- 
f i n e d  i n  terms of  requirements and s o l u t i o n s .  

P a r t i c i p a t e  i n  i n t e r f a c e  working groups f o r  t h e  r e s o l u t i o n  of 
i n t e r f a c e  d e f i n i t i o n  and s o l u t i o n .  
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8) P lan ,  organize ,  conduct,  and fol low up on design reviews of 
subsystems p e r i o d i c a l l y  i n  the  development process  t o  a s su re  
system requirements are be ing  adequately implemented. 

9) Support  system and program reviews wi th  d a t a  and representa-  
t i v e s  t o  assist i n  the examination of the  system elements f o r  
system compat ib i l i ty .  

10) Develop and maintain d e s c r i p t i v e  d a t a  showing subsystem 
f u n c t i o n a l ,  performance, and design c h a r a c t e r i s t i c s ,  and 
serve as a s i n g l e  p o i n t  con tac t  wi th  p r o j e c t  and c e n t r a l  
systems engineer ing.  

11) Compile and provide t o  c e n t r a l  systems engineer ing  output  
r e s u l t s  of each program phase f o r  i n c l u s i o n  i n  s p e c i f i c a t i o n s  
t h a t  w i l l  govern the  next  phase a c t i v i t y .  

12) Provide t a sk  d e f i n i t i o n s ,  d a t a  requirements f o r  i n c l u s i o n  i n  
WBS, Statements  of Work and d a t a  requirements lists. 

13) Provide app l i cab le  design and cons t ruc t ion  and methodology 
s t anda rds  t h a t  should govern t h e  next  program phase. 

The s p e c i f i c  systems func t iona l  activities of i n d i v i d u a l  design 
d i s c i p l i n e s  are i n  many cases unique t o  the  system element o r  
subsystem be ing  def ined.  
d i s c i p l i n e s ,  t he  system engineer ing a c t i v i t i e s  of a , r e p r e s e n t a -  
t ive  set of d i s c i p l i n e s  a r e  d iscussed  i n  the  fol lowing paragraphs.  

Since t h e r e  is  a wide v a r i e t y  of design 

Figure 1 4  r ep resen t s  t h e  fundamental design process  showing t h e  
func t ions  of c e n t r a l  systems engineer ing  and the  t echn ica l  d i s c i -  
p l i n e s .  The upper p a r t  of the matrix shows the  requirements 
d e f i n i t i o n  and s y n t h e s i s  involved i n  a t y p i c a l  launch v e h i c l e  
system development, whi le  the lower p a r t  of t he  matrix shows the  
eva lua t ion  process  of the  s y s t e m  element concepts as performed by 
c e n t r a l  systems engineering. 

I n  Figure 1 4  t y p i c a l  sys t em elements  are shown on the  l e f t  s i d e  
of the  mat r ix ;  a t  the  top t y p i c a l  t e c h n i c a l  d i s c i p l i n e s  t h a t  are 
involved i n  t h e  design of  the system elements ,  and the  system 
requirements t h a t  are imposed on the  elements are shown. Shown 
i n  the  vertical  a x i s  of the ma t r ix  i s  t h e  source  of requirements 
f o r  t he  design of t h e  system elements ( t h e  upper p a r t  of the  
matr ix)  and the  r e s u l t a n t  design concept ( the  lower p a r t  of the  
mat r ix) .  
(0 )  under each t echn ica l  d i s c i p l i n e  o r  system requirement t h a t  

The source  of requirements i s  i n d i c a t e d  by a s o l i d  do t  
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2 .  

impacts t h e  element design concept. 
is i n d i c a t e d  by 0. 
p l i n e  has  prime r e s p o n s i b i i i t y  f o r  des iqning  t h e  propuls ion  sub- 
system; t h e  design of the  propuls ion subsystem, however, impacts 
and imposes requirements upon the  design of the  f i i g h t  v e h i c l e ,  
t h e  f l i g h t  con t ro l  subsystem, and the  s t r u c t u r e s  subsystem. It 
is p o s s i b l e  t h a t  each of  the t echn ica l  d i s c i p l i n e s  can impact and 
impose requirements upon a given system elexwnt. 
reason t h a t  a l l  t he  requirements from each of t h e  t e c h n i c a l  d i s c i -  
p l i n e s ,  as w e l l  as t he  systems requirements ,  must be considered 
i n  a system element design. 

The r e s u l t a n t  design concept 
For example, t h e  propuls ion  t echn ica l  d i s c i -  

It  is f o r  t h i s  

The h o r i z o n t a l  a x i s  of t h e  upper p a r t  of t h e  ma t r ix  shows t h e  
p o s s i b l e  requirements t h a t  m u s t  be  considered i n  the  system ele- 
ment des ign ,  and t h e  t echn ica l  d i s c i p l i n e  t h a t  has  t h e  respons i -  
b i l i t y  f o r  syn thes i z ing  the requirements f o r  t he  system element 
design.  For example, t he  f l i g h t  c o n t r o l  subsystem must cons ider  
requirements from the  t echn ica l  d i s c i p l i n e s  of  f l i g h t  mechanics/ 
a e r o b a l l i s t i c s ,  p ropuls ion ,  f l i g h t  c o n t r o l ,  guidance, s t r u c t u r e s ,  
and GSE as w e l l  as t he  system requirements of performance, sys-  
t e m  e f  f e c t i v e n e s s ,  v e r i f i c a t i o n ,  design and i n t e g r a t i o n ,  and 
l o g i s t i c s .  The syn thes i s  of a l l  t hese  requirements i s  a systems 
engineer ing  a c t i v i t y  performed by the  t echn ica l  d i s c i p l i n e  having 
r e s p o n s i b i l i t y ;  i n  t he  case of f l i g h t  c o n t r o l s ,  t he  f l i g h t  con- 
t r o l s  t e c h n i c a l  d i s c i p l i n e .  This  r e s p o n s i b i l i t y  i s  noted on the  
matrix by t h e  symbol @ . These requirements must be approved 
by central systems engineer ing p r i o r  t o  concept de f in i t i on /des ign .  

I n  t h e  lower p a r t  of the mat r ix ,  t he  system element designs are 
shown on t h e  l e f t  s i d e .  The requirement aga ins t  which t h e  system 
element design m u s t  be  evaluated is  ind ica t ed  by the  symbol . 
For example, t h e  communications subsystem must be eva lua ted  i n  
terms of i t s  performance c a p a b i l i t y ,  systems e f f e c t i v e n e s s ,  veri- 
f i c a t i o n  requirements ,  design and i n t e g r a t i o n  requirements ,  mis- 
s i o n  and crew opera t ions  requirements,  and l o g i s t i c s  requirements.  

The above descr ibed  process  is  h igh ly  i t e ra t ive  and must be  con- 
t i n u a l l y  updated as design progresses .  

Examples of Systems Engineering Functions 

n i g h t  Mechmzics/AerobaZZistics (Figure 14 Item 1) - The develop- 
ment of an aerospace system i n  genera l  involves  payload and de l iv -  
e r y  system elements and the d e f i n i t i o n  and design of each is  separ-  
ate b u t  h igh ly  co r re l a t ed .  Figure 15 shows, i n  block diagram 
form, t h e  l i f e  cyc le  sequence f o r  a launch v e h i c l e  d e f i n i t i o n  and 
design. The payload performance and design requirements l e a d  the 
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v e h i c l e  a c t i v i t i e s  and, i n  t h i s  d i scuss ion ,  t hese  a r e  assumed as 
i n i t i a l  condi t ions  t h a t  d r ive  the s i z i n g  of the  boos te r .  

The matr ix  i n  Figure 14  shows t h e  d i s c i p l i n e  involved i n  the  per- 
formance and conf igu ra t ion  syn thes i s  of t he  veh ic l e .  These are 
f l i g h t  mechanics/aeroballistics , propuls ion ,  guidance, f l i g h t  
c o n t r o l s ,  s t r u c t u r e s ,  and central systems engineer ing .  

These d i s c i p l i n e s  c o n s t i t u t e  a systems engineer ing  team whose 
primary ob jec t ive  is  t o  s e l e c t  a concept and s i z e  t h e  performance 
of subsystems t o  achieve the  b e s t  s o l u t i o n  t o  the  mission/payload 
requirements.  

F l i g h t  mechanics/aeroballistics is  the  f o c a l  p o i n t  o r  l ead  d i s c i -  
p l i n e .  This d i s c i p l i n e  performs the i n i t i a l  a n a l y s i s  of the mis- 
s i o n  t o  e s t a b l i s h  t h e  performance requirements t h a t  must be satis- 
f i e d  by the  system, and as such performs a systems engineer ing  func- 
t i on .  These a c t i v i t i e s  r e s u l t  i n  determinat ion of t h e  -- 
1 )  f l i g h t  pa th  ( t r a j e c t o r y )  ; 

2) sys  t e m  accuracy requirement ; 

3) energy requirement (Av); 

4) n a t u r a l  and induced environment. 

This mission problem ana lys i s  cen te r s  on a s imula t ion  of the  
mission t h a t  permi ts  examination of performance parameters and 
system design cha rac t e r s .  
have been e s t a b l i s h e d ,  t he  n e x t  s t e p  i s  t o  examine the  subsystem 
concepts and select, on the  b a s i s  of performance c a p a b i l i t y ,  the 
conf igu ra t ion  t h a t  meets the mission requirements.  Where s e v e r a l  
concepts are be ing  composed, performance d a t a  i s  developed i n  
paramet r ic  form t o  permi t  s e l e c t i o n  of t he  candida te  subsystem, 
(prrpulaisn, f ~ r  e x a p l e )  having t he  most b e n e f i t  i n  terms of I-_, 

weight, s ta te -of - the-ar t  cons idera t ions ,  and cos t .  The i n i t i a l  siz- 
i n g  of t he  v e h i c l e  r e s u l t s  i n  parameters t h a t  provide the  b a s i s  
f o r  subsystem d e f i n i t i o n .  

Af te r  i n i t i a l  mission requirements 

=kJ 

These parameters i nc lude  -- 
1)  s p e c i f i c  impulse of engines s e l e c t e d  t e n t a t i v e l y  f o r  t he  in -  

d i v i d u a l  s t a g e s  ; 

2) v e l o c i t y  requirement f o r  t he  mission under cons ide ra t ion ;  
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prope l l an t  f r a c t i o n  of i n d i v i d u a l  s t a g e s  e s t ima ted ,  based on 
the  s e l e c t e d  s t a t e -o f - the -a r t ,  des ign  f e a t u r e s  , and the  t h r u s t -  
to-weight r a t i o  s e l e c t e d ;  

payload r a t i o s  d e s i r e d  as t a r g e t  va lues ,  based on t h e  theory  
of s t a g e  op t imiza t ion ;  

takeoff  t h r u s t ,  t e n t a t i v e l y  s e l e c t e d  f o r  t he  v e h i c l e  under 
cons idera t ion  ; 

t akeoff  a c c e l e r a t i o n  s e l e c t e d  wi th  cons ide ra t ion  of performance 
and launch dynamics. 

shown i n  Figure 1 6 ,  t he  o b j e c t i v e s  of  t h e  n e x t  phase of per- 
formance ana lys i s  is  t o  develop pre l iminary  weight  breakdown, n e t  
payload c a p a b i l i t y ,  and v e h i c l e  performance parameters .  

The s t a g e  s p e c i f i c  impulses and the  v e l o c i t y  requirement  r e s u l t  
i n  an o v e r a l l  e f f e c t i v e  mass r a t i o .  P r o p e l l a n t  f r a c t i o n  and pay- 
load r a t i o  r e s u l t  i n  an average s t r u c t u r a l  f a c t o r .  This and t h e  
t o t a l  m a s s  r a t i o  r e s u l t  i n  the  optimum number of s t a g e s  r equ i r ed ,  
and g ive  a f i r s t  estimate of t he  growth f a c t o r  ( t akeof f  weight /  
payload weight) . Combining t h i s  wi th  t h e  t akeof f  a c c e l e r a t i o n ,  
gives  a f i r s t  estimate of t h e  t o t a l  weight-carrying c a p a b i l i t y  
(weight of ins t rumenta t ion ,  guidance and c o n t r o l  components, pay- 
load con ta ine r ,  and n e t  payload) ,  de f ined  as the  dry gross  payload. 

A prel iminary op t imiza t ion  of the p r o p e l l a n t  loadings  of t h e  s t a g e s  
which i n  turn  al lows more d e t a i l e d  weight estimates o f  t h e  subsys- 
tems and components fol lows.  

The f l i g h t  mechan ics / ae roba l l i s t i c  d i s c i p l i n e  performs t h e  l ead  
s y s t e m  funct ion i n  i n i t i a l  s i z i n g ,  which i s  one a spec t  of t he  sys-  
t e m  ope ra t iona l  a n a l y s i s  of  t he  d e f i n i t i o n / d e s i g n  phase.  
subsequent v e r i f i c a t i o n  of d e f i n i t i o n  phase r e s u l t s  i nvo lves  an 
expansion of  the s imula t ion  model t o  take i n t o  cons ide ra t ion  
s t r u c t u r a l  c h a r a c t e r i s t i c s  ( loads ) .  When t h i s  v e r i f i c a t i o n  of 
primary performance has  been made, p re l imina ry  des ign  of v e h i c l e  
subsystems can be  performed. 

The 

I n  summary, t h e  f l i g h t  mechanics d i s c i p l i n e  f u n c t i o n s  as t h e  l e a d  
i n  the  performance s i z i n g  and op t imiza t ion  of t h e  v e h i c l e  system. 
I n  t h i s  capaci ty  the  requirements  f o r  p ropu l s ion ,  guidance,  f l i g h t  
con t ro l  s t r u c t u r e ,  and mass p r o p e r t i e s  of v e h i c l e  and payload are 
brought toge ther  and reso lved  i n t o  a compatible  set of requi re -  
ments t h a t  meets t he  mission requirements .  This  d i s c i p l i n e  per- 
forms t h e  following sys  tems eng inee r ing  f u n c t i o n a l  act ivi t ies  : 
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A c t  as lead  d i s c i p l i n e  i n  de f in ing  t h e  mission f l i g k t  pa th  and 
s i z i n g  of perfonnance requirements f o r  veh ic l e  subsystems. 

Develop s imula t ion  model of the  system performance i n  a l l  mis- 
s i o n  states. 

Determine v e h i c l e  system performance requirements (AV, accuracy) 
f o r  t h e  payload/mission. 

Determine environments r e s u l t i n g  from t h e  system's  i n t e r a c t i o n  
with atmospheres and p l ane ta ry  phys ica l  p r o p e r t i e s .  

Provide the  s imula t ion  module f o r  examination, s i z i n g ,  and 
opt imiza t ion  of v e h i c l e  performance parameters.  

Evaluate  performance e f f e c t s  on payload. 

Determine performance c a p a b i A t y  margins. 

Provide the means f o r  v e h i c l e  system loads  determinat ion.  

Provide the means f o r  determining s t a b i l i t y  and c o n t r o l  char- 
a c t e r i s t i c s  and requirements.  

Specify the coordinate  s y s  t e m  f l i g h t  mechanics models, com- 
p u t e r  programs, language atmospheres models, t o  be used i n  
performance a n a l y s i s  of  a l l  system elements.  

I n  conjunction wi th  system s a f e t y ,  provide performance analy- 
sis of abor t  and hazard condi t ions .  

I n  conjunction wi th  s t r u c t u r e s  d i s c i p l i n e ,  perform s t a g i n g  
ana lys i s .  

Define re ference  t r a j e c t o r y  t o  be used f o r  system d e f i n i t i o n /  
design. 

PropuZsion (F igure  14, Item 2)- The propuls ion  subsystem provides  
the  t h r u s t  energy necessary  t o  achieve r equ i r ed  f l i g h t  pa th  tra- 
j e c t o r i e s  and to- con t ro l  the  v e h i c l e  o r i e n t a t i o n  and a t t i t u d e  dur- 
i n g  the  mission. 
t o  a number of o t h e r  v e h i c l e  subsystems and must b e  considered i n  
the  s i z i n g  of these  subsystems. It i s  because of t hese  i n t e r r e l a -  
t i o n s h i p s  and i n t e r f a c e s  wi th  o t h e r  subsystems and the  c r i t i c a l i t y  
of t he  propuls ion subsystem t o  mission success  t h a t  t h e  configura-  
t i o n  of t h e  propulsion subsystem i s  a systems eng inee r ing  a c t i v i t y .  

The propuls ion  subsystem i s  i n t e g r a l l y  r e l a t e d  
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The primary impact of t he  propuls ion subsystem upon the  design 
(performance) of o t h e r  subsystems i s  on the  v e h i c l e  s t r u c t u r e  and 
f l i g h t  con t ro l s .  The s t r u c t u r e s  subsystem provides  the  s t r u c t u r a l  
suppor t  t o  house the  propuls ion subsystem and,  more impor tan t ly ,  
adequate s t r u c t u r a l  r i g i d i t y  t o  t r ansmi t  propuls ion  f o r c e  along 
the  d i r e c t i o n a l  axes, whi le  s t a y i n g  w i t h i n  t o l e r a n c e  f o r  d i s t o r t i o n  
and bending moments. 

The f l i g h t  con t ro l s  subsystem i s  dependent upon t h r u s t  ( t h r u s t e r s )  
provided by the propuls ion  subsystem t o  c o n t r o l  t he  a t t i t u d e  of t he  
v e h i c l e  as w e l l  as the l ine of t h r u s t  when the  main engines  are 
f i r i n g .  The systems engineer ing func t ions  t h a t  are performed dur- 
ing t h e  development program follow. 

Determine the  program schedule mi les tones  such as i n t e g r a t e d  
t e s t i n g  schedule ,  hardware d e l i v e r y  schedule ,  etc. 
a f f e c t  t h e  s e l e c t i o n  of t he  propuls ion  concept because major 
components of some concepts may r e q u i r e  new technology o r  
r e q u a l i f  i c a t i o n .  

This w i l l  

E s t a b l i s h  mission success c r i t e r i a  and o p e r a t i o n a l  s a f e t y  
requirements.  This impacts t he  propuls ion  concept s e l e c t i o n  
by i n d i c a t i n g  the  type of components t h a t  the s e l e c t e d  subsys- 
t e m  w i l l  r e q u i r e ,  level of redundancy, s a fe ty  f a c t o r s  t h a t  must 
b e  m e t ,  and at  va r ious  s t a g e s  of subsystem development, test 
requirements t o  v e r i f y  t h a t  t h e  a l l  requirements  are, i n  f a c t ,  
being m e t .  

Develop s p e c i f i c  func t iona l  performance requirements  f o r  each 
of t he  mission states. This a f f e c t s  component c r i t e r i a  and 
s e l e c t i o n ,  and the subsystem development and q u a l i f i c a t i o n  
test requirements.  

Determine e x t e r n a l  environmental  l e v e l s  i n  terms of p re s su re ,  
temperature ,  and r a d i a t i o n  t h a t  must be considered dur ing  t h e  
prupu:a;u,r -- -- JUuJyaLL- - - - L - - - - t m m  o n l o o t i n n  Y C A b ~ L . . . - . . .  --- 2nd A,csvplnnm~n ------r---..'- 

E s t a b l i s h  phys ica l  envelopes and mechanical and e l e c t r i c a l  
i n t e r f a c e s  t h a t  w i l l  impact t he  propuls ion subsystem s e l e c t i o n .  

Determine GSE and f a c i l i t y  requirements . 
I d e n t i f y  a l t e r n a t i v e  propulsion concepts and conf igu ra t ions  
t h a t  meet the  mission requirements.  
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8) Perform t r a d e  s t u d i e s  and select a s i n g l e  propuls ion  subsys- 
t e m  concept. 

9) Analy t i ca l ly  v e r i f y  t h a t  t he  propuls ion  subsystem w i l l  pro- 
v ide  the energy r equ i r ed  f o r  t h e  mission. 

10) I n t e g r a t e  t h e  subsystem pre l iminary  des ign  wi th  o t h e r  v e h i c l e  
subsys  t e m s  and sys  t e m  elements . 

F l i g h t  Control (Figure  24, Item 3) - The f l i g h t  c o n t r o l s  d i s c i p l i n e  
is respons ib le  f o r  conceiving and des igning  systems f o r  cont ro l -  
l i n g  t h e  f l i g h t  pa th  and a t t i t u d e  of t he  v e h i c l e  as d i c t a t e d  by the  
guidance subsystem. This  subsystem is  c l o s e l y  c o r r e l a t e d  wi th  
guidance, p ropuls ion ,  and v e h i c l e  s t r u c t u r e s  performance, and be- 
cause of t h i s  t h e  a n a l y t i c a l  design of t h e  f l i g h t  c o n t r o l s  i s  a 
systems engineer ing  a c t i v i t y .  The purpose of the f l i g h t  c o n t r o l s  
system i s  t o  t ransform guidance commands i n t o  usable  s t e e r i n g  
commands t o  c o n t r o l  fo rces  and t o  s t a b i l i z e  the  rigid-body dyna- 
mics of  t h e  veh ic l e  wi thout  e x c i t i n g  o t h e r  v e h i c l e  c h a r a c t e r i s -  
t i c s  t h a t  could produce excess ive  loading  condi t ions .  

During e a r l y  conceptual  s t u d i e s ,  t he  des ign  e f f o r t  i s  aimed a t  
s e l e c t i n g  a type of  system t h a t  meets mission requirements .  
t h e  v e h i c l e  conf igu ra t ion ,  propuls ion ,  and aerodynamics of t he  
system have been determined,  t he  rigid-body mode i s  a a l y z e d  and 
t h e  cons t an t  ga in  conf igu ra t ion  t h a t  s t a b i l i z e s  t h e  v e h i c l e  i s  
determined. As t h e  v e h i c l e  s t r u c t u r e  d e f i n i t i o n  proceeds and 
pre l iminary  knowledge of the  v e h i c l e  l oads  due t o  wind d i s t u r -  
bances,  t h r u s t  misalignment,  p r o p e l l a n t  s l o s h i n g ,  e t c  i s  ob ta ined ,  
an i n i t i a l  ana lys i s  of t he  s t a b i l i t y  and c o n t r o l  problem is  made 
and the  hardware impact i s  inco rpora t ed  i n  the  f l i g h t  c o n t r o l s  
design.  

Once 

The c o r r e l a t i o n  wi th  guidance, crew o p e r a t i o n s ,  p ropuls ion ,  and 
electrical sequencing systems inc ludes  both performance and de- 
s i g n  cons idera t ions .  The performance of  t h e s e  systems i s  i n t e r -  
r e l a t e d  i n  achieving a d e s i r e d  f l i g h t  pa th  t r a j e c t o r y  and ac- 
curacy. This means t h a t  t hese  systems d e s c r i b e  a performance 
problem t h a t  must be so lved  as a combined e f f o r t  of t hese  d i s c i -  
p l i n e s .  Because of t he  i n t e r r e l a t i o n s h i p  w i t h  t h e s e  d i s c i p l i n e s  
i n  achiev ing  system performance c a p a b i l i t y ,  t h e  f l i g h t  c o n t r o l s  
concept ,  d e f i n i t i o n ,  and design i s  a systems eng inee r ing  ac t iv i ty .  
The s p e c i f i c  s y s t e m  func t ions  f o r  t h i s  d i s c i p l i n e  follow. 



I n  conjunct ion wi th  t h e  mission performance and d e f i n i t i o n  
team, examine t h e  mission modes and determine t h e  f l i g h t  team, 
examine t h e  mission modes and determine t h e  f l i g h t  c o n t r o l  
s t e e r i n g  s t a b i l i t y  and a t t i t u d e  requirements  t h a t  m u s t  be m e t .  
This a n a l y s i s  e s t a b l i s h e s  t h e  s p e c i f i c  problems t h a t  m u s t  be 
so lved ,  f i r s t  a n a l y t i c a l l y  wi th  a c o n t r o l  scheme and, secondly,  
with a hardware des ign  t h a t  implements t he  scheme. 

Based on mission requirements,  develop a l t e r n a t i v e  scheme and 
hardware concepts ,  and descr ibe  them s u f f i c i e n t l y  t o  determine 
t h a t  each is f e a s i b l e  and w i l l  permit  q u a l i t a t i v e  and quant i -  
t a t i v e  comparison. The s tudy  c r i t e r i a  provides  the  s e l e c t i o n  
c r i t e r i a  t h a t  i d e n t i f i e s  the  system a t t r i b u t e s  and t h e i r  r e l a -  
t ive  importance. 

Compile system design and performance requirements from cen- 
t ra l  systems and o t h e r  d e s i g n  groups a p p l i c a b l e  t o  the  f l i g h t  
c o n t r o l s  subsystem, and develop cr i ter ia  f o r  design d e f i n i t i o n .  

Develop performance a n d  des ign  i n t e r f a c e  d e f i n i t i o n s  i n  func- 
t i o n a l  form; where s i g n i f i c a n t  system impact is i d e n t i f i e d ,  
develop design so lu t ions .  

Support ,  aa r equ i r ed ,  i n t e r c e n t e r ,  i n t e r c o n t r a c t o r  working 
groups f o r  i n t e r f a c e s ,  crew/mission ope ra t ion ,  v e r i f i c a t i o n ,  
etc. 

Develop a n a l y t i c a l  methods and models t o  permit  assessment 
and synthesis of design s o l u t i o n s  f o r  each mission s t a t e .  

Support  conf igu ra t ion  change board,  program, and design re- 
view activities. 

Provide i n p u t s  t o  c e n t r a l  systems f o r  s ta tements  of work, out-  
p u t  s p e c i f i c a t i o n s  DRL/DRD f o r  each program phase. 

Implement system t r a d e  s tudy requirements and c r i t e r i a  pro- 
vided by c e n t r a l  systems and p a r t i c i p a t e  i n  system l e v e l  t r ade  
s t u d i e s  where f l i g h t  con t ro l s  is a f a c t o r .  

Guidance (F-&gpre 14, Item 4 )  - Guidance i s  concerned wi th  the  long 
range a spec t s  of the  f l i g h t  path t h a t  an a i rborne  v e h i c l e  must 
fol low f o r  a success fu l  mission. The guidance d i s c i p l i n e  has  the  
r e s p o n s i b i l i t y  f o r  def in ing  t h e  guidance and naviga t ion  requi re -  
ments f o r  a t t a i n i n g  these  f l i g h t  pa ths  and then syn thes i z ing  a 
hardware and sof tware  so lu t ion  t h a t  b e s t  meets these  requirements.  
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This  involves  d e f i n i n g  the  mission f l i g h t  p a t h ( s )  , determining 
t h e  nav iga t iona l  system ( i n e r t i a l ,  celestial, r ad io )  t o  be used 
i n  determining methods of s ens ing  f l i g h t  pa th  d e v i a t i o n s  and 
gene ra t ing  guidance command signals t o  activate t h e  f l i g h t  con- 
t r o l  system. As shown i n  Figure 1 4 ,  t h i s  d i s c i p l i n e  a c t i v i t y  
involves  the  requirements  from o t h e r  des ign  d i s c i p l i n e s  and sys-  
t e m s  engineer ing.  
requirements and s a t i s f y  them. 
a c t i v i t i e s  can be c l a s s i f i e d  i n  terms of system performance, 
requirements a n a l y s i s ,  s y n t h e s i s  and i n t e g r a t i o n .  The f i r s t  o f  
t hese  i s  the  i n t e r a c t i o n  of t h e  guidance d i s c i p l i n e  i n  the  mission 
a n a l y s i s  and de termina t ion  of the  guidance and nav iga t ion  r equ i r e -  
ments f o r  s y s t e m  accuracy. The requirements  a n a l y s i s  is  t h e  
determinat ion of t h e  t o t a l  system requirements t h a t  must b e  satis-  
f i e d  by equipment and sof tware  provided by the  guidance d i s c i p l i n e .  
The systems engineer ing  ac t iv i t i e s  i n  s y n t h e s i s  and i n t e g r a t i o n  
are those  involving s e l e c t i o n  of a s o l u t i o n  t h a t  b e s t  s a t i s f i e d  
the  mission/system requirements and i n t e g r a t i n g  t h e  guidance sub- 
s y s  t e m  i n t o  the sys  t e m .  

The guidance s o l u t i o n  must cons ide r  a l l  of t h e s e  
The systems eng inee r ing  f u n c t i o n a l  

The systems engineer ing a c t i v i t i e s  performed by t h e  guidance d i s c i -  
p l i n e  follow. 

As a p a r t  o f  t h e  system performance team, determine t h e  guid- 
ance and nav iga t ion  accuracy requirements .  

Develop guidance l a w  equa t ions  f o r  candida te  guidance con- 
cep ts . 
Perform concept t r a d e  s t u d i e s  t o  determine mission f e a s i b i l i t y .  

Co 1 le  c t / compile and a n a l  y ze t o  t a1 m i s s  i o n  / s  y s t e m  element / s  ub - 
system requirements a f f e c t i n g  guidance and nav iga t ion .  

P o s t u l a t e  design d e f i n i t i o n  s o l u t i o n s  t o  meet t h e  system re- 
quirements. 

Perform t r ade  s t u d i e s  us ing  system s e l e c t i o n  cri teria.  

P a r t i c i p a t e  i n  system performance and des ign  t r a d e  s t u d i e s  
i n  which guidance i s  a f a c t o r .  

Support ,  as r equ i r ed ,  program and system des ign  reviews. 

P a r t i c i p a t e  i n  i n t e r f a c e  working groups and pane l s  t o  a s s u r e  
the  complete i d e n t i f i c a t i o n  and s o l u t i o n  of  f u n c t i o n a l  and 
phys ica l  i n t e r f a c e s .  
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10) Develop guidance error ana lyses  t o  v e r i f y  system accuracy 
cap a b i l i t y  . 

11) Implement documentation requirements  def ined  by c e n t r a l  sys-  
t e m s  engineer ing .  

12) Provide i n p u t s  t o  s ta tements  of work, system s p e c i f i c a t i o n s  
and development p l ans  t h a t  a f f e c t  guidance and nav iga t ion ,  
performance, des ign ,  and v e r i f i c a t i o n .  

Structures (Figure 14, I tem 5)  - The systems eng inee r ing  func- 
t i o n a l  ac t iv i t i e s  of the s t r u c t u r e  d i s c i p l i n e  are t o  conf igure  a 
s t r u c t u r e  t h a t  suppor ts  and houses t h e  payload. There are two 
a s p e c t s  of s t r u c t u r e s  design t h a t  have system impl i ca t ions .  These 
are conf igu ra t ion  design and system performance. 

I n  t h e  concept and conf igura t ion  des ign  phases ,  t he  s t r u c t u r e s  
group i s  the  f o c a l  p o i n t  f o r  conceiving and conf igu r ing  a s t r u c -  
t u r e  t h a t  i n  s i z e ,  shape,  and arrangement adequate ly  houses and 
p r o t e c t s  payload elements.  The s t r u c t u r e s  act ivi t ies  r e p r e s e n t  
t h e  des ign  i n t e g r a t i o n  func t ion  t h a t  takes as i n p u t s  t h e  e s t ima ted  
s i z e  and mass p r o p e r t i e s  of payloads and system conceptua l  dec i -  
s i o n s ,  such as number of s t a g e s ,  and conceives  a s t r u c t u r a l  con- 
f i g u r a t i o n  t h a t  is  f e a s i b l e  i n  terms of s i z e ,  shape,  and s t r e n g t h .  
The term payload is  used i n  t h e  sense  t h a t  a l l  subsystem e lements ,  
mission payload subsystem, and v e h i c l e  subsystems are a l l  payload 
elements.  

The second system func t ion  performed by s t r u c t u r e s  i s  t o  provide 
performance c h a r a c t e r i s t i c s  t h a t  are needed t o  s i z e  the  system 
performance of o t h e r  elements.  The two system c h a r a c t e r i s t i c s  
t h a t  impact system performance and t h e  conf igu ra t ion  of o t h e r  
e lements  are materials and loads .  

MateriaZs - The materials to  be used i n  the  s t r u c t u r a l  des ign  of 

development program. The c h a r a c t e r i s t i c s  of t hese  materials must 
be determined and compared wi th  system requirements i n  terms of 
s t r e n g t h ,  r i g i d i t y ,  (combustion p o i n t ,  a b i l i t y  t o  s u s t a i n  combus- 
t i o n ,  ou tgass ing  t o x i c i t y ,  conduc t iv i ty ,  etc.  I f  t he  material 
s e l e c t e d  is n o t  on t h e  cu r ren t  approved materials l i s t  maintained 
by the  c o n t r a c t i n g  agency, then the  material must b e  t e s t e d  and 
proved t o  be s a f e  and meet a l l  requirements ,  o r  r e j e c t e d  and 
another  material s e l e c t e d .  

- ,,cryload --- e l e ~ ~ z t s  ~ u s + _  he i d e n t i f i e d  as e a r l y  as p o s s i b l e  i n  t h e  
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Loads - The development of  s t r u c t u r a l  loads  c h a r a c t e r i s t i c s  i s  t h e  
las t  system engineer ing  f u n c t i o n a l  a c t i v i t y  of the  s t r u c t u r e s  d i s c i -  
p l i n e s .  

Loads may be c l a s s i f i e d  i n  accordance wi th  t h e i r  o r i g i n  o r  d i s t r i -  
bu t ion .  Bod3 forces are d i s t r i b u t e d  w i t h i n  the volume of a body 
p r o p o r t i o n a l  t o  i t s  mass. They are g r a v i t a t i o n a l ,  magnetic,  and 
i n e r t i a  fo rces  i f  t h e  body is  i n  a c c e l e r a t e d  o r  curved motion. 
External forces, such as t h r u s t ,  p r e s s u r e ,  l i f t ,  d rag ,  suppor t  o r  
bear ing  l o a d s ,  shock and v i b r a t i o n  f o r c e s ,  are d i s t r i b u t e d  over  t h e  
s u r f a c e  of a body. Internal forces are caused by non l inea r  temper- 
a t u r e  d i s t r i b u t i o n  o r  nonuniform response t o  h e a t i n g  i n  s t r u c t u r e s  
wi th  d i f f e r e n t  materials, and t h e i r  d i s t r i b u t i o n  depends upon the  
temperature  and material d i s t r i b u t i o n .  

S t a t i c  o r  dynamic equ i l ib r ium and c o m p a t i b i l i t y  of displacements  
wi th  geometry and boundary cond i t ions  are t h e  b a s i s  of a l l  s t r u c -  
t u r a l  ana lys i s .  S t r e s s e s  and s t r a i n s  i n  a body are caused by t h e  
d i f f e r e n c e  i n  d i s t r i b u t i o n  o r  i n e r t i a  o r  mass f o r c e s  and e x t e r n a l  
fo rces .  I f  i n e r t i a  and e x t e r n a l  f o r c e s  are n o t  balanced,  t he  
body changes e i t h e r  i t s  v e l o c i t y  o r  i t s  d i r e c t i o n  of  motion o r  
both.  

The stress d i s t r i b u t i o n  and i n t e n s i t y  i s  a func t ion  of f o r c e  d i s -  
t r i b u t i o n  and i n t e n s i t y ,  body geometry, temperature ,  and mate- 
r i a l s .  I n  some cases i t  is  a l s o  a func t ion  of  deformations caused 
by one of t h e  above mentioned primary in f luences .  
by nonuniform temperature d i s t r i b u t i o n ,  changes l o c a l  angle  of  
a t t a c k ,  and thus the  l i f t  d i s t r i b u t i o n .  Furthermore,  the  t h r u s t  
now acts on a curved beam, c r e a t i n g  an ove r tu rn ing  moment, and, 
Together wi th  the  e c c e n t r i c  i n e r t i a  f o r c e s ,  a l s o  c r e a t e s  con- 
s i d e r a b l e  bending moment over  t he  e n t i r e  body. This  can lead  t o  
buckl ing  of  the missile as a f r ee - f r ee  beam. 

The body, b e n t  

During i t s  l i f e t i m e ,  a space v e h i c l e  and i t s  components exper ience  
a v a r i e t y  of  loads :  assembly loads  caused by i t s  own weight ,  
thermal  d i f f e r e n t i a l s ,  r e s i d u a l  stresses from forming, machining, 
welding and mi l l i ng ;  t r a n s p o r t a t i o n  and hand l ing  loads  as w e l l  as 
t h e  dynamic loads of f l i g h t .  

The s t r u c t u r a l  loads  a n a l y s i s  e f f o r t s  i s  t o  provide  s t r u c t u r e s  
c h a r a c t e r i s t i c s  i n  t h e  form of -- 
1) s t r u c t u r a l  r i g i d i t y  

(bending modes f requencies  and shapes and node l o c a t i o n s  wi th  
r e s p e c t  t o  c o n t r o l  forces)  ; 

2) p r o p e l l a n t  s lo sh ing  modes. 
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This is a b a s i c  systems engineer ing  a c t i v i t y  t h a t  provides  ana ly t -  
i ca l  d a t a  f o r  v e h i c l e  con t ro l  system design.  The c o n t r o l  system's 
t a sk  i s  t o  impose c o n t r o l  moments on t h e  v e h i c l e  i n  response t o  
guidance commands and t o  resist d i s tu rbance  i n p u t s  caused by aero- 
dynamic d i s tu rbances ,  t h r u s t  m i s a l i g n m e n t ,  e t c .  The ob jec t ive  of 
t he  automatic  c o n t r o l  sys tem is t o  s t a b i l i z e  and provide a t t i t u d e  
c o n t r o l  of t he  r i g i d  body dynamics of t he  v e h i c l e  while  n o t  e x c i t -  
i n g  v e h i c l e  modes t h a t  could produce excess ive  loading  condi t ions .  

3) Dynamic load  s t a b i l i t y  ana lys i s  t o  inc lude  t r a n s i e n t  load analy-  
sis a t  launch,  i g n i t i o n ,  and shutdown. A t  each p o i n t  i n  the  
mission sequence, some of t hese  p r o p e r t i e s  are coupled mode 
shapes,  f r equenc ie s ,  a n d  damping; time h i s t o r i e s  of acce lera-  
t i o n s  and beam l o a d ;  time h i s t o r i e s  of model responses (model 
a c c e l e r a t i o n s ,  v e l o c i t i e s ,  and d isp lacements ) ;  maximum and 
minimum load  displacements and a c c e l e r a t i o n s ;  s t a t i s t i c a l  
loads combination. 

4)  Model a n a l y s i s  t o  eva lua te  the  dynamic c h a r a c t e r i s t i c s  of the  
t o t a l  v e h i c l e  t o  determine veh ic l e  and payload t r a n s i e n t  re- 
sponse loads  and f l i g h t  c o n t r o l  system s t a b i l i t y .  
eters i n c l u d e  uncoupled boos te r  modes; coupled t o t a l  veh ic l e  
modes; c a n t i l e v e r e d  coupled payload modes. 

These param- 

In add i t ion  t o  t h e  primary system a c t i v i t y  func t ions  of the b a s i c  
s t r u c t u r a l  loads  a n a l y s i s  e f f o r t s ,  t he  fol lowing secondary suppor t  
i n  t he  o v e r a l l  system design area i s  -- 
1)  de te rmina t ion  of t r anspor t  and handl ing  loads; 

2) cons ide ra t ion  of s torage  loads ;  

3) e s t i m a t i o n  of prelaunch loads ;  

4) a n a l y s i s  of launch loads ;  

5) r e e n t r y  and recovery loads ;  

6 )  f l i g h t  l o a d s ,  inc luding  wind gus t s .  

Once t h e  pre l iminary  loads  on a v e h i c l e  are e s t a b l i s h e d ,  the  de-  
s i g n  process  determines s e l e c t i o n  of materials, o v e r a l l  geometry, 
and d e t a i l e d  dimensions t o  proper ly  t r a n s f e r  those loads o r  ex- 
t e r n a l  f o r c e s  t o  e q u i l i b r a t e  wi th  t h e  i n e r t i a  r e a c t i o n  fo rces .  
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Thus, t he  main s t r u c t u r a l  elements of t h e  v e h i c l e  are def ined .  
These are f u e l  t anks ,  engine ,  guidance and payload compartments, 
and t r a n s i t i o n  members such as s k i r t s ,  t h r u s t  mounts, b r a c k e t s ,  
and f i t t i n g  t o  connect wi th  t h e  main p a r t s .  
the  s t r u c t u r e  c o n s i s t  of elements such as t ens ion  t i es ,  columns, 
beams, beam columns, t r u s s e s ,  and r i n g s  supported on an elast ic  
foundat ion ,  and invo lv ing  s t r a i g h t  and curved pane l s  and s h e l l s  
of va r ious  sizes. 

The main p a r t s  of 

These b a s i c  elements are now analyzed and designed t o  c a r r y  t h e  
primary and secondary loads  r e l i a b l y ,  as w e l l  as t o  reduce ad- 
ve r se  i n t e r a c t i o n s  wi th  each o t h e r ,  i n  tenus of body f l u t t e r ,  
s lo sh ing ;  v ib ra to ry ,  a c o u s t i c ,  and o t h e r  dynamic and thermal 
e f f e c t s .  

I n  summary, the  sys  t e m s  engineer ing  activities a s s o c i a t e d  wi th  
t h e  development of t he  v e h i c l e  s t r u c t u r e s  follow. 

Perform an a n a l y s i s  of t he  s t r u c t u r a l  requirements  i n  terms 
of t h e  payloads a n t i c i p a t e d ,  t h e  shape and conf igu ra t ion  of 
t h e  veh ic l e  s t r u c t u r e ,  and the  s i z i n g  requi red .  

Develop a l t e r n a t i v e  concepts of t he  s t r u c t u r e s  conf igu ra t ion .  

Perform t rade  s t u d i e s  t o  select the  s t r u c t u r e s  concept.  

I d e n t i f y  the  materials t o  be used i n  the  s t r u c t u r e s  design.  

Determine i f  t he  materials s e l e c t e d  are on t h e  approved mate- 
r ia ls  and p a r t s  list maintained by t h e  c o n t r a c t i n g  agency. 
I f  the  ma te r i a l s  are n o t  approved, and cannot b e  because of 
s a f e t y  o r  r e l i a b i l i t y  f a c t o r s ,  s u b s t i t u t e  materials must be  
s e l e c t e d  . 
Develop s t r u c t u r a l  l oads  c h a r a c t e r i s t i c s  of  t h e  s t r u c t u r a l  
conf igura t ion .  

EZectr-icaZ (Figure 14, I t em  6) - The e lec t r ica l  subsystem serves 
as a c e n t r a l  switchboard t o  provide a l l  power and swi t ch ing  func- 
t i o n s  t o  the  var ious  subsystems. A s  such ,  unnecessary d u p l i c a t i o n  
and lowered e f f i c i e n c y  must be prevented through i n t q g r a t e d  de- 
velopment of  the e l e c t r i c a l  subsys tern. 
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From the  i n i t i a l  subsystem i d e n t i f i c a t i o n ,  t he  subsystem des igne r s  
des igna te  func t iona l  requirements s chemat i ca l ly ,  as w e l l  as pro- 
v ide  pre l iminary  l o c a t i o n  and packaging requirements  w i th in  the  
f l i g h t  v e h i c l e  and a s soc ia t ed  suppor t  equipment. 
a t  t h i s  p o i n t  is t o  i d e n t i f y  minimum e s s e n t i a l  requirements  f o r  t h e  
f l i g h t  v e h i c l e  and necessary subsystem suppor t  func t ions  t o  be  
provided through t h e  support  equipment. 

P r i m a r y  concern 

Following these  i n i t i a l  s t e p s  by the  i n d i v i d u a l  subsystem engi-  
n e e r s ,  t h e  e lectr ical  systems eng inee r  can i n i t i a t e  t h e  e l ec t r i -  
cal  subsystem i n t e g r a t i o n  e f f o r t s .  

The common needs and in t e rconnec t ions  from one subsystem t o  ano the r  
should i d e n t i f y  the  e l e c t r i c a l  d i s t r i b u t i o n  system where a l l  the  
func t ions  are e s t a b l i s h e d ,  c o n t r o l l e d ,  and d i s t r i b u t e d .  Systems 
engineer tng  he re  e s t a b l i s h e s  i t s e l f  as an e f f i c i e n t  and essential 
p a r t  of t h e  o v e r a l l  system, and a t o o l  t o  a s s u r e  the  g r e a t e s t  
f l e x i b i l i t y  f o r  maintaining t h e  latest  des ign  requirements .  

I n  f o r c i n g  t h e  des ign  of each subsystem t o  r e f l e c t  t h e  pr imary 
v e h i c l e  miss ion ,  independent r e l a y s ,  sequences,  and power sou rces  
can be e l imina ted  and these e s s e n t i a l s  provided f o r  a l l  users by 
t h e  electrical system. This w i l l  s i m p l i f y  almost every u n i t  and 
permi t  the  subsystem des igners  t o  concent ra te  on t h e i r  primary 
t a s k ,  assured  that t h e  primary power and sequencing func t ions  
w i l l  be  provided. 
combine a l l  requirements  and provide  a f l e x i b l e  and e f f i c i e n t  
s e r v i c e  t o  t h e  t o t a l  program. 

The e l e c t r i c a l  system’s design w i l l  e f f e c t i v e l y  

The i n t e r r e l a t i o n s h i p  o f  t h e  va r ious  subsys terns d i c t a t e s  t h a t  t h e  
i n t e g r a t i o n  of a l l  requirements i n t o  an e lectr ical  subsys’tem i s  a 
systems engineer ing  task. 
performed dur ing  t h i s  t a s k  follow. 

The s p e c i f i c  eng inee r ing  ac t iv i t i e s  

1) Perform the i n i t i a l  e l e c t r i c a l  subsystem d e f i n i t i o n  based on 
mission and o t h e r  subsys tern requirements .  

2) Combine t h e  electrical requirements  o f  each of  t h e  subsystems. 

3)  Determine t h e  ope ra t iona l  sequences r equ i r ed  by t h e  mission 
and o t h e r  subsystems. 

4 )  Prepare  l ayou t  of  the e l e c t r i c a l  d i s t r i b u t i o n  requi red .  

5) Al loca te  e l ec t r i ca l  l i m i t s  t o  the  subsystems. 
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6)  I d e n t i f y  alternative concepts  and concepts  t o  meet t h e  e l e c -  
t r i c a l  requirements. 

7) Perform trade s t u d i e s  t o  select t h e  e l e c t r i c a l  subsystem con- 
c e p t  and conf igu ra t ion .  

8) Develop e l e c t r i c a l  subsystem des ign  s t anda rds  and cri teria.  

9) Prepa re  end i t e m  s p e c i f i c a t i o n s  f o r  t h e  e l e c t r i c a l  subsystem. 

10) Perform i n t e g r a t i o n  a c t i v i t i e s .  

Conununications (Figure 14,  Item 7) - The communications subsystem 
f o r  a t y p i c a l  space mission c o n s i s t s  of a l l  f a c e t s  of communica- 
t i o n  between t h e  s p a c e c r a f t  and ground s t a t i o n s ,  s p a c e c r a f t  t o  
s p a c e c r a f t  t o  s p a c e c r a f t ,  and i n t r a s p a c e c r a f t .  This i nc ludes  real 
t i m e  vo ice  communication, t e l e v i s i o n ,  t e l eme t ry ,  delayed t r a n s -  
miss ions ,  taped d a t a ,  filmed d a t a ,  and s t o r e d  d a t a  f o r  r e t u r n  i n  
the s p a c e c r a f t .  Typical  d a t a  t h a t  may be communicated inc ludes  
eng inee r ing  da ta  (housekeeping), equipment checkout d a t a ,  opera- 
t i o n a l  d a t a ,  hardware s t a t u s  d a t a  and crew d a t a .  

The communications subsystem i s  g r e a t l y  a f f e c t e d  by t h e  opera- 
t i o n a l  concept and modes of the mission.  For t h i s  reason ,  t h e  
mission concept must be c l e a r l y  de f ined  be fo re  t h e  communications 
concepts  can be def ined  and eva lua ted .  

The systems engineer ing  a c t i v i t i e s  performed dur ing  t h e  develop- 
ment of a communications subsystem follows. 

1)  Determine mission o p e r a t i o n a l  environments such as t h e  atmos- 
phe re ( s )  through which d a t a  must be t r a n s m i t t e d ,  s p a c e c r a f t  
o r i e n t a t i o n s ,  l ength  of miss ion ,  d i s t a n c e  of miss ion ,  e t c .  

2)  Determine the requirements t h a t  the  communications subsystem 
m u s t  meet to s a t i s f y  t h e  mission such as: 

a) User Requirements -- 
1) Engineering d a t a  (housekeeping) 

2) Checkout ' da t a  

3) Opera t iona l  d a t a  -- real t i m e  vo ice  communic'ation; 
experiment and s p a c e c r a f t  subsystems status. 
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4) Crew d a t a  

What measurements are requ i r ed  

How much d a t a  i s  requi red  

Accuracy requi red  

When is d a t a  r equ i r ed ;  real t i m e  o r  s t o r a g e  

Data capac i ty  -- 
1 )  Real time t ransmiss ion  

2) Delayed time t ransmiss ion  

3) Data rate - b i t s ,  symbols 

4) On-board process ing  -- coding,  s t o r a g e ,  compression 
requi rements ,  s e l e c t i o n ,  s c a l i n g ,  d a t a  

Envi ronxrten t 

R e l i a b i l i t y  

Sa fe ty  

Power at frequency (command process)  

Antenna usage 

1) Antenna requirements 

2) Modul.ation 

B i t  e r r o r  rate 

S i g n a l  / no i se  

Code 

Receiver c h a r a c t e r i s t i c s  

Display 

Process ing  

Power , weight ,  t h e r m a l  model 

c o s t  
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3) Dete.rmine the  phys ica l  and f u n c t i o n a l  i n t e r f a c e s  t h a t  m u s t  be  
considered dur ing  the  communications subsystem design. 
mination of i n t e r f a c e s  may cover the  i n t e r r e l a t i o n s h i p s  between 
a l l  subsystems and d i s c i p l i n e s .  Lower level i n t e r f a c e s ,  such 
as connector-to-connector o r  pin-to-pin,  are the  r e s p o n s i b i l i t y  
of t he  design groups and are the  concern of systems engineer-  
i n g  only as they a f f e c t  subsystem performance. 

Deter- 

4 )  Develop a l t e r n a t i v e  concepts and conf igu ra t ions  t h a t  w i l l  meet 
the  requirements . 

5 )  Conduct analyses  and t r ade  s t u d i e s  t o  s e l e c t  t h e  communica- 
t i o n s  concept and conf igura t ion .  The t r ade  s t u d i e s  are u s u a l l y  
conducted by s p e c i a l i s t s  i n  systems engineer ing ,  communica- 
t i o n s  design,  and the  o t h e r  d i s c i p l i n e s  t h a t  are involved. 
One of t h e  most important  systems engineer ing  t a sks  is t o  
i d e n t i f y  the  ana lyses  and t r ade  s t u d i e s  t h a t  are t o  be per-  
formed and coord ina t ing  these  t a sks  u n t i l  completion. 

6 )  Se lec t  and de f ine  the  communications subsystem based on the  
above analyses  and t r a d e  s t u d i e s .  

7) P repa re  end i t e m  s p e c i f i c a t i o n s .  

8) Perform prel iminary design. 

Environmental ControZ (Fi.qure 14, Item 8 )  - As i n  o t h e r  func t ions  
i n  c e n t r a l  systems engineer ing ,  t he  d e f i n i t i o n  and c o n t r o l  of en- 
vironmental  requirements i s  an a c t i v i t y  aimed at achiev ing  con- 
s i s t e n t  and complete r e s u l t s  t h a t  b e s t  meet t h e  mission requi re -  
ments. The environments t h a t  have a s i g n i f i c a n t  bea r ing  on the  
s u c c e s s f u l  d e f i n i t i o n  and design of a system fol low.  

1) Natura l  environments t h a t  a f f e c t  t h e  system; 

2) Induced environments r e s u l t i n g  from t h e  system's  i n t e r a c t i o n  
with t h e  n a t u r a l  environment ; 

3) Environment induced on one system by another ;  

4 )  Environmental condi t ions  a r i s i n g  from i n t e r a c t i o n  of system 
elements.  

The t y p e s  of t h e s e  environments can cover a wide spectrum depend- 
i n g  on the  mission,  and the  s u r v i v a l  of equipments and crews re- 
q u i r e s  a d e f i n i t i o n  of t hese  environments. Knowledge of environ-  
ments t h a t  exist o r  are propagated i n  each mission state;  i . e . ,  
prelaunch,  launch, a s c e n t ,  Earth o r b i t ,  etc,  i s  necessa ry  i n  de- 
s ign ing  p ro tec t ion  o r  c o n t r o l  elements.  
condi t ions  tha t  may be encountered follow. 

Examples of environmental  
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Natura l  Environment 
P lane ta ry  

Atmospheric ( inc lud ing  wind loads )  
Thermal 
Gaseous con ten t  
Gravi ty  
Radia t ion  b e l t s  
Magnetic f i e  I d s  

Radia t ion  
Meteoroids 
Vacuum 

Induced Environment 
Dynamic 
Thermal 
Radia t ion  
M a n  
Vibra t ion  
Shock 
Humidity 
Thermal 
Radia t ion  
Acous t ics  
Meteoroids 

Space 

The i n t e r a c t i o n s  t h a t  make up t h e  systems environmental  r e q u i r e -  
ments a c t i v i t y  inc lude  -- 

examination of the system element in each mission state;  

iden  ti f i c a t i o n  and q u a n t i f i c a t i o n  of a p p l i c a b l e  environments 
f o r  each state;  

examination of system elements  i n t e r a c t i o n  wi th  t h e s e  environ-  
ments ; 

development of a design cri teria t o  be used in t h e  d e f i n i t i o n /  
des ign  of t h e  system element;  

genera t ion  of d a t a  t o  d e f i n e  o r  r e f i n e  environmental  param- 
e ters . 

I n  summary, t h e  systems engineer ing  environmental  group is re- 
spons ib l e  f o r  environmental  c r i t e r i a  t a s k s  as fol lows : 
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E s t a b l i s h  and maintain the  program environmental  des ign  cri- 
ter ia ,  inc luding  thermal  v i b r a t i o n ,  a c o u s t i c s ,  shock, r ad ia -  
t i o n ,  meteoroids,  p l a n e t a r y  environments,  etc. 

A c t  as the s i n g l e  f o c a l  p o i n t  f o r  environmental  cr i ter ia  con- 
t r o l ,  s p e c i f i c a t i o n ,  d i scuss ions ,  and p r e s e n t a t i o n s  t o  customer. 

When t h e  program environmental  c r i t e r i a  i nc ludes  ana lyses  
from o t h e r  f u n c t i o n a l  d i s c i p l i n e s ,  thoroughly review, under- 
s t a n d ,  and approve t h e  i n p u t  analyses. 

Assure tha t  t he  r a t i o n a l e  suppor t ing  each environmental  de f i -  
n i t i o n  is  c o r r e c t  and thoroughly documented. 

Verify environments wi th  ana lyses  and measurements as requi red .  

E s t a b l i s h  conserva t ive  margins between a c t u a l  cond i t ions  and 
design a n d  test condi t ions .  

Ground Support Equipment (Fiqqure 14, Item 9 )  - Ground suppor t  
equipment is required t o  suppor t  a l l  on-module and off-module 
a c t i v i t i e s  from development t e s t i n g  through launch of t h e  f i n a l  
program payload. GSE equipment t akes  the  form of test t o o l s ,  de- 
l i v e r a b l e  GSE, and maintenance and handl ing  equipment. Cen t ra l  
systems engineer ing acts as t he  o r g a n i z a t i o n a l  f o c a l  p o i n t  through- 
out  t h e  program t o  i n t e g r a t e  a l l  t e c h n i c a l  suppor t  requirements  
t h a t  r e q u i r e  ground equipment, and t o  develop an adequate  and 
c o s t - e f f e c t i v e  set of hardware and sof tware  t o  meet these  r equ i r e -  
ments t a k i n g  i n t o  cons idera t ion  the  program c o n s t r a i n t s  ( i . e . ,  
c o s t ,  schedule ,  us ing  l o c a t i o n s ,  e t c )  . 
Each of t he  design d i s c i p l i n e s  must i d e n t i f y  the  GSE requirements  
needed throughout t he  development and o p e r a t i o n a l  program. It  i s  
t h e s e  requirements t h a t  d i c t a t e  k inds  and q u a n t i t y  of GSE requ i r ed  
f o r  t he  program. The s p e c i f i c  systems engineer ing  a c t i v i t i e s  per -  
formed dur ing  the development of GSE follow. 

1)  Develop the  o v e r a l l  GSE philosophy compatible wi th  t h e  pro- 
gram. 

2) E s t a b l i s h  the  requirements f o r  GSE. 

3) Scope t h e  ex ten t  of t he  GSE t a s k ;  i . e ,  number of end items, 
types of equipment, c o s t ,  schedule ,  etc. 

4 )  Develop a GSE requirements document. 
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Facizities ( f i g u r e  14, Item 10)  - F a c i l i t i e s  encompass these  
ground based installations t h a t  are requi red  f o r  test, ope ra t ion ,  
maintenance, r ece iv ing  and in spec t ion ,  and launch area s t o r a g e  of 
f l i g h t  hardware and assoc ia ted  ground suppor t  equipment (GSE). 
The purpose of t he  f a c i l i t i e s  program is  t o  a s su re  t h a t  a l l  re-  
qu i r ed  f a c i l i t i e s  are a v a i l a b l e  t o  the  ope ra t ing  fo rces  and sup- 
p o r t i n g  activit ies i n  a t ime ly  manner. F a c i l i t i e s  planning is  
based on ope ra t ions  and maintenance ana lyses ,  equipment design 
drawings, s p e c i f i c a t i o n s  and o t h e r  documentation necessary f o r  
de f in ing  types of f a c i l i t i e s ,  l o c a t i o n s ,  space needs,  environment, 
du ra t ion  and frequency of use,  personnel  i n t e r f a c e s ,  i n s t a l l a t i o n  
activit ies,  t r a i n i n g  requirements,  test func t ions ,  and e x i s t i n g  
f a c i l i t y  a p p l i c a t i o n s .  F a c i l i t i e s  development r e q u i r e s  i n t e g r a t e d  
a t t e n t i o n  throughout a l l  phases of t he  l i f e  cyc le  t o  provide posi-  
t i v e  coord ina t ion  wi th  o the r  program elements. Because of t h i s  
iztegrzted relationship5 the s e l e c t i o n  of t he  f a c i l i t i e s  concept 
and conf igu ra t ion ( s )  i s  a s y s t e m s  engineer ing  a c t i v i t y .  The func- 
t i o n a l  a c t i v i t i e s  t h a t  are performed i n  the  development of t he  
f a c i l i t i e s  conf igu ra t ion  follow. 

5 )  Basel ine  a pre l iminary  s e t  of f u n c t i o n a l  test requirements;  
i.e., p r e s s u r i z a t i o n ,  power, PCM format ,  d a t a  record ing ,  leak- 
age checks, handl ing ,  alignment,  etc. 

6) Develop a l t e r n a t i v e  concepts t o  meet t h e  GSE requirements.  

7) Perform t r a d e  s t u d i e s  of t he  a l t e r n a t i v e  concepts  consider-  
i n g  c o s t ,  development, commonality, e x i s t i n g  equipment, and 
commercial equipment, u t i l i z a t i o n  rates, us ing  s i t e  compati- 
b i l i t y ,  f l e x i b i l i t y ,  e t c ,  t o  select the  GSE concept and con- 
f i g u r a t i o n s .  

8) Define the  s e l e c t e d  concept and conf igu ra t ion .  

9) E s t a b l i s h  t h e  l o g i s t i c  support  equipment conf igu ra t ion .  

10) Prepare GSE end i t e m  s p e c i f i c a t i o n s .  

11) E s t a b l i s h  des ign  requirements and perform pre l iminary  design.  

1) Define and e v a l u a t e  f a c i l i t y  requirements.  

2) Prepare  f a c i l i t i e s  concepts. 

3) Perform t r a d e  s t u d i e s  t o  s e l e c t  t he  f a c i l i t i e s  concept (s ) .  

4) Perform f a c i l i t y  s i z i n g .  

5)  I n t e g r a t e  the  f a c i l i t i e s  pre l iminary  design wi th  o t h e r  s y s t e m  

87 
and subsystem elements.  



The d e f i n i t i o n  of f a c i l i t y  requirements must be e s t a b l i s h e d  as 
quick ly  as the de te rmina t ion  of ope ra t iona l  and suppor t  requi re -  
ments are known due t o  the  l ead  t i m e  involved wi th  procurement a n d  
cons t ruc t ion  o f  t he  f a c i l i t i e s .  Development schedules  must con- 
s i d e r  cons t ruc t ion  de lay  exper ience  on similar programs due t o  
seasonal  weather and o t h e r  r eg iona l  cons ide ra t ions  such as l a b o r ,  
s o i l  condi t ions ,  e tc .  

The s p e c i f i c  systems engineer ing  func t ions  t h a t  are performed 
dur ing  the  development of t he  f a c i l i t i e s  conf igu ra t ion  follow. 

De f ine  m d  Evaluate Fa& Z i  t i e s  Requirements - During the  develop- 
ment of each of the  systems elements ,  t h e  requirements f o r  f a c i l i -  
ties ( launch,  test ,  s t o r a g e ,  e t c )  must b e  determined. 

Based on the requi red  o p e r a t i o n a l  c a p a b i l i t y  and the  gross sup- 
p o r t  requirement,  an a n a l y s i s  i s  made t o  determine what f a c i l i t y  
c a p a b i l i t i e s  are needed. 
assessment of f a c i l i t i e s  used t o  maintain s i m i l a r  systems and 
equipment. This a c t i o n  is  based on a v a i l a b l e  o p e r a t i o n a l  r ead iness  
performance experience d a t a ,  g ross  system conf igu ra t ion  and pre- 
l iminary  maintenance and m a i n t a i n a b i l i t y  assessments  of suppor t  
needs. The r e s u l t a n t  estimates should d e f i n e  both  e x i s t i n g  f a c i l i -  
ties t h a t  may be used and those  requirements needing f u r t h e r  ex- 
p lo ra to ry  study. 
c lude -- 

An i n t e g r a l  p a r t  of t h i s  a n a l y s i s  is  an 

Criteria considered i n  t h e s e  e v a l u a t i o n s  in- 

i n i t i a l  f a c i l i t i e s  t r a d e o f f s  needed t o  d e f i n e  bas ing ,  move- 
ment, deployment, du ra t ions  and frequency,  e tc ;  

ground r u l e s  f o r  f a c i l i t y  s e l e c t i o n  (e .g . ,  cons ide ra t ions  of 
r equ i r ed  material resources  by type ,  q u a n t i t y ,  and l o c a t i o n  
as w e l l  as cons t ruc t ion  f o r c e  needs i n  terms of s k i l l s ,  
numbers, and a v a i l a b i l i t y )  ; 

c o n s t r a i n t s  t o  be  considered ( e .g . ,  s e c u r i t y ,  easements,  
ownership, etc.)  ; 

opera t ions  and suppor t  i n t e r f a c e s  t o  be examined (tenancy 
concepts ,  deployment v a r i a t i o n s ,  combat con t ingenc ie s ,  dura- 
t i o n  d i f f e r e n c e s ,  and primary launch,  test o r  o p e r a t i n g  base  
complexes along w i t h  suppor t  shops,  pe r sonne l ,  s t o r a g e ,  and 
admin i s t r a t ive  requirements)  . 

88 



Perform Fa&Zity Tradeoffs - System f e a s i b i l i t y  s t u d i e s  and sup- 
p o r t  element t r a d e o f f s  a r e  eva lua ted  f o r  t h e i r  impact on c u r r e n t  
f a c i l i t i e s .  F a c i l i t y  t radeoff  s t u d i e s  are conducted t o  s a t i s f y  
new requirements ,  and the  b e s t  approaches are s e l e c t e d  f o r  review 
and cons idera t ion  i n  the  m a i n t a i n a b i l i t y  and r e l i a b i l i t y  t r adeof f  
s t u d i e s .  For example, the t radeoff  s t u d i e s  may inc lude  considera-  
t i on  of a l t e r n a t i v e  bas ing  modes ( e .  g. , hardened versus d i spe r sed ,  
mobile versus  f i x e d ,  land versus  w a t e r ) ,  e x i s t i n g  ve r sus  new 
f a c i l i t i e s ,  d i f f e r e n t  materials t o  be considered,  and p o r t a b l e  
versus  f ixed  power sources .  

The several suppor t  a l t e r n a t i v e s  are eva lua ted  and the  most favor- 
ab le  f a c i l i t y  concepts s e l e c t e d  f o r  f u r t h e r  s tudy .  Cost informa- 
t i o n ,  t e c h n i c a l  f e a s i b i l i t y  problems and high r i s k  areas are i d e n t i -  
f i e d .  

Establish Faci l i t ies  Concept - A f a c i l i t i e s  concept i s  s e l e c t e d  
on t he  b a s i s  of ma in ta inab i l i t y  and r e l i a b i l i t y  t r a d e o f f s  and 
system f e a s i b i l i t y  s t u d i e s .  This concept is reviewed f o r  compati- 
b i l i t y  wi th  the  maintenance concept ,  and is  inc luded  i n  t h e  sup- 
p o r t  concept formulat ion package as guidance f o r  t he  f a c i l i t y  p lan  
requirements to be i d e n t i f i e d  i n  the  f a c i l i t i e s  p l an  requirements .  

Pro&&? Fa& Zities P l a n  Requirements - F a c i l i t i e s  p lan  r equ i r e -  
ments are prepared f o r  i nc lus ion  i n  t h e  l o g i s t i c s  suppor t  p l an  re- 
quirements and t he  RFE'. 
ment of -- 

They inc lude  c r i t e r i a  f o r  f u r t h e r  develop- 

real estate and cons t ruc t ion  s p e c i f i c a t i o n s  ; 

primary f a c i l i t i e s  such as materials, power and communications, 
water, access  roads,  and c r i t i c a l  real p rope r ty ;  

suppor t  f a c i l i t i e s  f o r  s h i p s ,  personnel ,  t r a i n i n g ,  s t o r a g e  
t r a n s p o r t a t i o n ,  and admin i s t r a t ive  use ; 

c r i t i c a l  research  .and t e s t  needs ; 

f a c i l i t y  l i f e  cycle  cos t  and budget estimates f o r  t he  funding 
schedule  ; 

hos t - tenant  agreements f o r  suppor t  requirements .  
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Establish Facili ty Plan Evaluation C r i t e ~ a  - Technical  and manage- 
ment eva lua t ion  criteria and i n t e r f a c e  c o n t r o l  methods must be  
developed f o r  determining the  f a c i l i t y  c o n t r a c t o r s '  responsive-  
nes s  t o  t h e  genera l  f a c i l i t y  p l a n  requirements  and eng inee r ing  de- 
s i g n  s p e c i f i c a t i o n s .  
they inc lude  eva lua t ion  of -- 

As p a r t  of the  o v e r a l l  suppor t  c r i te r ia ,  

1) f u n c t i o n a l  performance c h a r a c t e r i s t i c s  of suppor t ing  f a c i l i t i e s  
(e .g . ,  i n s t a l l e d  equipments' r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  
u s e f u l  l i f e ,  environmental  des ign  and t r a n s p o r t a b i l i t y ) ;  

2) both genera l  and d e f i n i t i v e  des ign  and cons t ruc t ion  s p e c i f i c a -  
t i o n s ,  s t anda rds ,  and c o n s t r a i n t s ;  

3) d e t a i l e d  f a c i l i t i e s  concepts f o r  non techn ica l  suppor t  (e. g . ,  
f u n c t i o n a l  requirements ,  suppor t  p o l i c i e s ,  s u r v i v a l  r equ i r e -  
ments and p o l i c i e s ,  e t c )  s i t i n g  and l a y o u t  ( e .g . ,  area p lans  
and s i t e  plans such as access, paving and dra inage ,  contours ,  
quan t i  ty-dis tance cri teria,  e t c )  , and c i v i l ,  a r c h i t e c t u r a l ,  
s t r u c t u r a l ,  mechanical,  and e lectr ical  requirements;  

4) funding, schedule ,  t e c h n i c a l ,  and management c o n t r o l  f o r  
those  i t e m s  r e q u i r i n g  pro to type  cons t ruc t ion  and t e s t i n g  
(e. g. , c r i t i c a l  i n s t a l l e d  equipment and environmental  c o n t r o l ,  
e lectr ical ,  power, missile launch suspens ion ,  and o t h e r  simi- 
l a r  systems) .  

Integrate the Faci l i t ies  Preliminary Design With Other System and 
Subsystem Elements - During t h e  process  of developing t h e  f a c i l i -  
ties pre l iminary  des ign  conf igu ra t ion ,  t h e  form, f i t  and func t ion  
c h a r a c t e r i s t i c s  must be a sce r t a ined  on a cont inuing  b a s i s ,  t o  i n t e -  
g r a t e  the  f a c i l i t i e s  i n t o  the  t o t a l  system. 
process  must consider  t he  requirements  of o t h e r  system elements  
such as payload,  v e h i c l e ,  and mission and crew ope ra t ions  as w e l l  
as subsystem elements such as propuls ion ,  s t r u c t u r e s ,  e lectr ical ,  
e t c .  

This  i n t e g r a t i o n  

C.  Summary 

This s e c t i o n  has  presented  the  systems eng inee r ing  func t ions  t h a t  
are gene ra l ly  performed by each t e c h n i c a l  d i s c i p l i n e  i n  o r d e r  t o  
develop an i n t e g r a t e d  system, and a d e s c r i p t i o n  of the  system 
engineer ing  a c t i v i t i e s  performed w i t h i n  each t e c h n i c a l  d i s c i p l i n e  
t o  develop subsystems t h a t  meet s p e c i f i c  o b j e c t i v e s  ai-id r equ i r e -  
ments and, when i n t e g r a t e d ,  r e s u l t  i n  a complete and optimized 
t o t a l  system. Figure 14 shows, i n  ma t r ix  form, the  r e l a t i o n s h i p  
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between the  func t ion  performed by a c e n t r a l  systems engineer ing  
o rgan iza t ion  and the t echn ica l  d i s c i p l i n e s  dur ing  the  development 
process .  Each of t he  examples of t he  systems engineer ing  func- 
tions performed by t he  t echn ica l  d i s c i p l i n e s  desc r ibes  what t he  
d i s c i p l i n e  is ,  the  impact on the t o t a l  system, the  major i n t e r -  
f aces  and impact on o t h e r  subsystems, and a summary of the systems 
engineer ing  func t ions  performed by t h e  d i s c i p l i n e .  
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C. INTERACTIONS I N  THE DEVELOPMENT PROCESS 

The previous s e c t i o n s  were concerned wi th  "what people and orga- 
n i z a t i o n s  do" i n  desc r ib ing  t h e  systems engineer ing technology. 
This  d e s c r i p t i o n  inc luded  cons ide ra t ion  of t h e  a c t i v i t i e s  as p a r t  
o f  each development phase,  b u t  an overview is needed t o  p l a c e  t h e s e  
act ivi t ies  i n  t h e  contex t  of an  i n t e g r a t e d  engineer ing  opera t ion .  
As poin ted  out ,  t he  development process  goes through concept,  def- 
i n i t i o n ,  and design phases.  These are n a t u r a l  states f o r  system 
development, and i t  is  p o s s i b l e  t o  d e s c r i b e  them as d i s t i n c t  ac- 
t i v i t i e s  as long as i t  is  remembered t h a t  they are continuous and 
c o r r e l a t e d  a c t i v i t i e s .  The depa r tu re  p o i n t  of one phase is  no t  
n e c e s s a r i l y  a hard breakpoin t  f o r  t h e  next  phase a c t i v i t y .  The 
t o o l s  (analyses ,  s imu la t ions ,  models requirements documentation, 
e t c )  are i n  process of continuous development; expansion and re- 
v i s i o n  and the i d e n t i f i c a t i o n  of t h e  end of one phase and t h e  
beginning of another  can only be  considered as a rough d i v i s i o n .  

The fol lowing s e c t i o n s  d e s c r i b e  t h e  concept phase and t h e  d e f i n i -  
t i on /des ign  phases i n  terms of major a c t i v i t i e s  w i t h i n  which sys-  
tems engineer ing  performs t h e  func t ions  descr ibed  i n  t h e  prev ious  
s e c t i o n .  

1. Concept Phase 

The purpose of t he  conceptual  phase is t o  conduct t h e  necessary  
mission and s y s t e m  s t u d i e s  and ana lyses ,  s t i m u l a t e  t h e  need, ex- 
p l o r a t o r y  and advanced developments, and e s t a b l i s h  t h e  economic 
t e c h n i c a l  and s c i e n t i f i c  b a s i s  f o r  use  i n  making a c o n d i t i o n a l  
dec i s ion  t o  e n t e r  engineer ing  development. When i t  i s  determined 
t h a t  t h e r e  i s  a Nat iona l  Space Program need and t echno log ica l  
b a s i s  t o  begin conceptual  des ign  of a system, t h e  conceptua l  phase 
begins .  

Systems are v i sua l i zed  t h a t  may meet the  o p e r a t i o n a l  requirement  
and may b e  wi th in  t h e  t echno log ica l  s t a t e -o f - the -a r t  of t h e  t i m e  
pe r iod  concerned. Whatever t h e  i n i t i a l  mechanism, s t u d i e s  are 
conducted t o  develop conceptua l  systems to  a p o i n t  where t h e  op- 
e r a t i o n a l  and t echno log ica l  func t ions  and equipment f o r  t h e  system 
can b e  i d e n t i f i e d  i n  some d e t a i l .  

Conceptual s t u d i e s  are concerned p r i m a r i l y  wi th  the  f e a s i b i l i t y  
of conceptua l  designs o r  approaches.  The concepts  are c l o s e l y  
s c r u t i n z e d  and analyzed t o  determine whether they are s u i t a b l e ,  
f e a s i b l e ,  and acceptab le ,  and t h e  most p r e f e r r e d  concept is  se- 
l e c t e d .  There are two g e n e r a l  types of concept s t u d i e s :  
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1) a broad-scope o p e r a t i o n a l  a n a l y s i s  type of s tudy aimed a t  
i d e n t i f y i n g  the  b e s t  genera l  approach t o  f u l f i l l i n g  t h e  
ob j ect ive ; 

2) a system concept s e l e c t i o n  s tudy  t h a t  de f ines  t h e  gene ra l  
conf igura t ions  of systems t h a t  could be  developed and 
produced i n  t h e  t i m e  per iod of in te res t .  

The output  of t h i s  program phase is  s tudy r e s u l t s  t h a t :  

1) i d e n t i f y  mission requirements t o  accomplish s t a t e d  o b j e c t i v e s ;  

2) i d e n t i f y  gene ra l  system concepts and recommendations of t h e  
p r e f e r r e d  approach based on performance and o p e r a t i o n a l  char- 
acteristics, and program requirements and c o n s t r a i n t s ;  

3) d e f i n e  a set of performance and o p e r a t i o n a l  requirements;  

4) i d e n t i f y  p r e f e r r e d  subsystem concepts and genera l  requirements;  

5 )  determine program miles tones ; 

6) determine g ross  c o s t  estimates. 

F igu re  1 7  shows t h e  expanded func t ions  t h a t  make up t h e  concept 
phase. 
t h a t  t h e  degree of d e t a i l  va r i ed  widely from program t o  program. 
The v a r i a t i o n  w a s  due i n  p a r t  t o  t h e  na tu re  of t h e  conceptual  
e f f o r t .  On programs t h a t  were "make from" e x i s t i n g  systems, t h e  
r e s u l t s  tended t o  be  more d e f i n i t i v e  than conceptual d e f i n i t i o n s  
f o r  which t h e r e  was l i t t l e  r e l a t e d  p a s t  experience.  I n  o t h e r  
cases, c e r t a i n  f u n c t i o n a l  a reas  were pursued t o  a g r e a t e r  depth 
because t h e r e  i s  a s t rong  i n c l i n a t i o n  among engineers  t o  do d e t a i l  
des ign  o r  t o  jump t o  conf igura t ion  dec is ions  e a r l y  i n  t h e  develop- 
ment cycle .  The r e s u l t s  of t h i s  i n v e s t i g a t i o n  have been normal- 
ized by referring t n  the fundamental ob jec t ives  of t h e  concept 
phase and t h e  d e s c r i p t i o n s  of each func t ion  r e f l e c t  what should 
occur.  

An examination of several conceptual  phase e f f o r t s  showed 

An examination of t he  func t ions  i n  t h i s  phase showed t h a t  a22 must 
be ckzssed as system engineering a c t i v i t i e s .  
development, many d i f f e r e n t  s p e c i a l i s t s  are involved.  The na tu re  
of t h e  work determines whether t h e i r  a c t i v i t i e s  are s l a n t e d  toward 
t h e  t o t a l  system o r  are aimed a t  the  system elements l e v e l .  A l l  
e f f o r t s  i n  concept d e f i n i t i o n  are focused on a system concept and 
de te rmina t ion  of i t s  f e a s i b i l i t y  t o  accomplish t h e  mission ob jec- 
t ives . 

As i n  any state- of 
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The fo l lowing  subparagraphs descr ibe  t h e  f u n c t i o n a l  ac t iv i t ies  
of t h e  concept phase wi th  i l l u s t r a t i o n s  where needed t o  c l a r i f y  
the  scope and conten t  of func t ions .  

Block 1.1 ( F i g .  18) Define Program, Technical Requirements and 
Cons t r a in t s  - P r i o r  t o  s t a r t i n g  concept s t u d i e s ,  i t  is  necessary 
t o  ana lyze  completely the  na ture  and o b j e c t i v e s  of t h e  r equ i r ed  
missions.  
from program t o  program depending on t h e  depth of earlier s tudy  
e f f o r t s .  

The e x t e n t  of mission d e f i n i t i o n  provided w i l l  vary 

Known c o n s t r a i n t s  t h a t  have a bea r ing  on ensuing mission func t ion  
a n a l y s i s  and i n i t i a l  system concept should be  c l e a r l y  e s t a b l i s h e d  
i n  t h e  s tudy  gu ide l ines  and requirements.  

This i n i t i a l  a n a l y s i s  inc ludes  an  examination of systems t h a t  
d i r e c t l y  i n t e r f a c e  wi th  o r  have a bear ing  on any system conceived 
t o  meet the  s t a t e d  objec t ives ;  i . e . ,  a space  rescue  o b j e c t i v e  
would r e q u i r e  a n a l y s i s  of the system o r  systems served t o  de t e r -  
mine ope ra t iona l ,  performance, and hardware requirements t h a t  
would govern t h e  concept of a rescue  mission system. I f  t h e  pro- 
gram inc ludes  a requirement to use o r  modify e x i s t i n g  system ele- 
ments, then these ,  too,  would r e q u i r e  a n a l y s i s  t o  i d e n t i f y  the  
s p e c i f i c  requirements t h a t  would form t h e  b a s i s  f o r  concept fea-  
s i b i l i t y  s t u d i e s .  

This f u n c t i o n a l  a c t i v i t y  as a whole r ep resen t s  t h e  statement of 
primary requirements f o r  the  concept s t u d i e s .  These d a t a  w i l l  be  
changed and expanded as t h e  s tudy proceeds,  b u t  i n  t h e i r  f i r s t  
d r a f t  they c o n s t i t u t e  a s ta tement  of t h e  problem and t h e  p r i m i t i v e  
requirements and c o n s t r a i n t s .  This is  fundamentally a sys  t e m s  
engineer ing  a c t i v i t y  wi th  inputs  from o t h e r  d i s c i p l i n e s  as de ter -  
mined by t h e  p a r t i c u l a r  ob jec t ives  being examined. 

Block 1 .2  ( F i g .  18) Development of Alternative System Approaches - 
The a c t i v i t i e s  i n  t h i s  func t ion  r ep resen t  the  i n i t i a l  system 
d e f i n i t i o n  e f f o r t  t h a t  l eads  t o  genera t ing  those a l t e r n a t i v e  ap- 
proaches t h a t  w i l l  be  presented as technicalzy-promising concepts .  

The a c t i v i t y  of creative development of i deas  o r  concepts t o  m e e t  
t h e  g ross  mission requirements i s  performed i n  a number of s t e p s ,  
depending on t h e  complexity of t h e  mission. General ly ,  t he  p r o j e c t  
and system management def ine  t h e  states i n  terms of g ross  func t ions ,  
and i d e n t i f y  the  types o f  s y s t e m s  t h a t  could accomplish t h e  mission.  
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The types of s c i e n t i f i c  and engineer ing  s k i l l s  are i d e n t i f i e d  and 
assembled i n t o  teams t o  s tudy t h e  states o r  miss ion  phases .  
g ive  an example, an  ob jec t ive  t o  perform a space  rescue  inc ludes  
launch, a t t a i n i n g  r equ i r ed  f l i g h t  pa th ,  docking and t r a n s f e r ,  
r e t u r n i n g  t o  Ear th .  These,  states, t h e  f u n c t i o n s  a s s o c i a t e d  wi th  
each, and p e r t i n e n t  mission requirements ,  would d e f i n e  teams t h a t  
would look f o r  f e a s i b l e  system concepts .  

To 

Systems engineer ing  ac t iv i ty  l e a d s  each team of s p e c i a l i s t s  t o  
a s s u r e  all concepts  adhere t o  mission requi rements ,  f u n c t i o n a l l y  
i n t e g r a t e s  t he  s tudy  elements i n  each team, and achieves  communi- 
c a t i o n  and compa t ib i l i t y  between the  va r ious  teams. 

The a c t i v i t y  beg ins  wi th  a d e t a i l e d  a n a l y s i s  of mission o b j e c t i v e s  
and c o n s t r a i n t s  t o  achieve  complete exposure and d e t a i l e d  ampl i f i -  
c a t i o n  of t he  problem. This  t a sk  may r e q u i r e  t h e  development of 
a series of models t o  depict  func t ions  of achievable  a l t e r n a t i v e  
t e c h n i c a l  approaches f o r  accomplishing t h e  mission.  Each of t h e s e  
competing f u n c t i o n a l  approaches is then analyzed i n  d e t a i l  t o  
determine the  relative p r o b a b i l i t y  t h a t  performance requirements  
of t he  mission w i l l  b e  a t t a i n e d .  

These a l t e r n a t i v e  t e c h n i c a l  approaches are s t u d i e d  t o  t r a n s l a t e  
o b j e c t i v e s  i n t o  performance requirements ,  c o n s t r a i n t s ,  and iden- 
t i f i c a t i o n  of major b a r r i e r  areas as criteria f o r  conceptua l  
design of t h e  system, subsystems and segments. The f u n c t i o n  
performance requirements  a re  documented i n  terms of i n p u t s  and 
ou tpu t s ,  environments,  performance, time c o n s t r a i n t s ,  e tc ,  i n  
s u f f i c i e n t  d e t a i l  t o  i d e n t i f y  types of subsystems r equ i r ed .  These 
subsystems would, i n  t u r n ,  b e  s t u d i e d  t o  i d e n t i f y  t h e  concept 
t h a t  would prove f e a s i b l e  f o r  those  s e l e c t e d  paramet r ic  d a t a  t h a t  
are developed f o r  use i n  examining the  system performance f o r  
each concept . 
Block 1.3 (Fig. 18)  Develop Sgstem Se lec t ion  Cr i ter ia  - Since  t h e  
o b j e c t  of t h i s  program phase is t o  i d e n t i f y  a l t e r n a t i v e  concepts ,  
determine t h e i r  f e a s i b i i i c y ,  and s e i e c c  chose cnar  show the  g rea t -  
est program and t e c h n i c a l  mer i t ,  a dec i s ion  cr i ter ia  i s  needed. 
The relative va lue  of var ious f a c t o r s  must b e  e s t a b l i s h e d  as a 
means of determining the  candidate  concepts  t h a t  have t h e  g r e a t e s t  
o v e r a l l  m e r i t .  This  a c t i v i t y  becomes r e l a t i v e l y  s imple when t h e r e  
i s  only one overshadowing parameter such as t o t a l  a c q u i s i t i o n  o r  
t o t a l  l i f e  cyc le  c o s t .  However, when t e c h n i c a l  r i s k ,  development 
t i m e ,  payload c a p a b i l i t y ,  dura t ion  of mission become impor tan t ,  
p r i o r i t i e s  and a formula f o r  a s ses s ing  t o t a 1 , w o r t h  may become 
needed. This  f u n c t i o n a l  a c t i v i t y  r e p r e s e n t s  t h e  development of 
such informat ion  t o  b e  used i n  t r a d e  s t u d i e s  t o  i d e n t i f y  recom- 
mended concepts .  
The approval  of p r o j e c t  management is r equ i r ed  t o  a s s u r e  t h a t  
those r e spons ib l e  f o r  dec is ions  made i n  t h e  course  of t h e  s tudy 
concur wi th  t h e  c r i t e r i a .  

Th i s  a c t i v i t y  i s  a systems engineer ing  func t ion .  
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Block 1.4 (F<g. 18)  Develop Operational Scenario - The s tudy  teams 
descr ibed  i n  the prev ious  f u n c t i o n  were concerned w i t h  concepts  
t h a t  could accomplish t h e  mission.  
e r a t i o n a l  s cena r ios  o r  p r o f i l e s  aimed at desc r ib ing  t h e  way those  
concepts  would work i n  performing t h e  mission. These s t u d i e s  con- 
ceive of ope ra t iona l  modes f o r  t i m e  usage of system elements  t o  
accomplish t h e  o b j e c t i v e s  and meet mission requirements;  i . e . ,  
i f  a rescue  mission has  a r e a c t i o n  t i m e  requirement ,  then  t h e  
r ead iness  state must be examined and concept of ope ra t ions  to- 
g e t h e r  w i th  performance requirements  t h a t  meet t h e  o p e r a t i o n a l  
need. 

These teams a l s o  develop op- 

The development of o p e r a t i o n a l  concepts and requirements  addresses  
t h e  a v a i l a b i l i t y ,  dependab i l i t y ,  and v e r i f i c a t i o n  a s p e c t s  of m i s -  
s i o n  requirements,  whereas t h e  conceptual  s t u d i e s  aimed a t  con- 
ce iv ing  system approaches (Block 1.2)  were concerned p r i m a r i l y  
wi th  c a p a b i l i t y  o b j e c t i v e s  and requirements .  These a s p e c t s  en- 
compass such s c i e n t i f i c  and engineer ing  d i s c i p l i n e s  as l o g i s t i c s ,  
r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  s a f e t y ,  test and checkout,  f a c i l i t i e s  
and s p e c i a l i s t s  unique t o  t h e  mission and system under considera-  
t i on .  Among these  l a t t e r  might be  medical ,  crew g e o l o g i s t s ,  etc. 
The s t e p s  i n  developing o p e r a t i o n a l  p r o f i l e s  and requirements  in-  
c lude  : 

1) i d e n t i f i c a t i o n  of t he  primary states and t h e  a s s o c i a t e d  mis- 
s i o n  requirements ; 

2) p o s t u l a t i o n  o r  concept ion of a l t e r n a t i v e  f u n c t i o n a l  sequences 
f o r  each state;  

3) development of performance requirements i n  t h e  form of para- 
metric d a t a  f o r  each func t ion .  

As t h i s  a c t i v i t y  is  a p a r t  of t he  s y n t h e s i s  of a l t e r n a t i v e s ,  i t  
is  an i n t e g r a l  p a r t  of t he  work of s tudy  teams formed t o  perform 
t h e  concept f e a s i b i l i t y  e f f o r t .  Systems engineer ing  defines the 
specia Zists required, develops the study plan cnd integrates the 
a c t i v i t i e s  of the various spec ia l i s t s  involved. 
requirements  are changed o r  expanded, systems eng inee r ing  coordi- 
nates t h e s e  r ev i s ions  throughout a l l  s tudy  activit ies t o  a s s u r e  
t h a t  c o n s i s t e n t  a l t e r n a t i v e  approaches are developed. 

Where miss ion  

Block 1.5 ( F i g .  18)  Develop Top Level Functions - A s  system con- 
c e p t ,  ope ra t iona l  modes, and s c e n a r i o s  are developed, t h e  primary 
func t ions  t h a t  must  be performed t o  accomplish t h e  miss ion  are 
i d e n t i f i e d .  This b lock  r e p r e s e n t s  t h e  compi la t ion  of t h e s e  func- 
t i o n s  f o r  each of t h e  a l t e r n a t i v e  concepts ,  and c o r r e l a t i n g  ap- 
p l i c a b l e  mission requirements w i th  each func t ion .  This  s t e p  i s  
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t h e  i n i t i a l  f u n c t i o n a l  a n a l y s i s  t h a t  w i l l  cont inue  throughout t h e  
development process .  The purpose of t h i s  a c t i v i t y  is  t o  a s s u r e  
an  o rde r ly  examination of t h e  t o t a l  mission and system elements  by 
a l l  members of t h e  s tudy  team. The r e s u l t i n g  informat ion  serves 
t h e  func t ion  of g iv ing  systems management and t h e  p r o j e c t  an over- 
view of t h e  t o t a l  miss ion  i n  f u n c t i o n a l  form, and pe rmi t s  examina- 
t i o n  of t h e  proposed concepts  f o r  completeness and assessment of 
t h e  compa t ib i l i t y  of v a r i o u s  f a c e t s  of t h e  conceptua l  design.  
These f u n c t i o n a l  d a t a  are p a r t i c u l a r l y  important  t o  o p e r a t i o n a l  
concepts  t h a t  addres s  r e l i a b i l i t y ,  crew, m a i n t a i n a b i l i t y ,  suppor t ,  
s a f e t y ,  etc, s i n c e  t h e s e  are not  always desc r ibed  i n  as p r e c i s e  
mathematical  terms as are performance c a p a b i l i t y  parameters .  

Func t iona l  requirements  of each system concept of t h e  a l t e r n a t i v e  
t e c h n i c a l  approaches are depic ted  f o r  a l l  o p e r a t i o n a l  modes of 
usage i n  a l l  s p e c i f i e d  environments. Each f u n c t i o n  i s  descr ibed  
w i t h  s t a t emen t s  of beginning/end condi t ions  t o  inc lude  i n p u t s ,  
ou tpu t s ,  and interface requirements from i n t r a s y s t e m / i n t e r s y s  t e m  
viewpoints .  Funct ions are defined t o  a s s u r e  inden tu re  as p a r t  
of t h e  l a r g e s t  func t ions  and arranged i n  t h e i r  l o g i c a l  sequence 
s o  t h a t  any s p e c i f i e d  ope ra t iona l  use of t h e  system can b e  t r a c e d  
w i t h i n  t h e  closed-loop cyc le .  A l t e r n a t i v e  o p e r a t i o n a l  cyc le s  are 
a l s o  i d e n t i f i e d .  When more than one system concept i s  eva lua ted ,  
each is dep ic t ed  and i d e n t i f i e d  as above. 
r e f l e c t  t h e  r a t i o n a l e  for acceptance o r  r e j e c t i o n  of each alter- 
n a t i v e  t o  permit  t r a c e a b i l i t y .  S i m i l a r  f u n c t i o n s  are cross-  
re ferenced  t o  a s s u r e  a common s y n t h e s i s  s o l u t i o n .  Gross func t ions  
of each system concept are developed i n  s u f f i c i e n t  d e t a i l  t o  d i f -  
f e r e n t i a t e  those performed by t h e  system from those  t o  be  performed 
by subsystems. During t h i s  i t e r a t i o n  a l l  f u n c t i o n a l  cyc le s  (op- 
e r a t i o n ,  maintenance, test, product ion,  a c t i v a t i o n )  are considered.  
While a d e t a i l e d  a n a l y s i s  cannot be made t h i s  e a r l y  f o r  a l l  these  
f u n c t i o n a l  cyc le s ,  concepts  f o r  a l l  cyc le s  are i d e n t i f i e d  and 
descr ibed.  I n i t i a l  determinat ion of s k i l l  levels and t r a i n i n g  
requirements  are i d e n t i f i e d  and descr ibed .  

Records are kep t  t o  

The t a s k  of development of  this furi~'iUiial analysis data is pr- 
formed by t h e  members of t he  s tudy  te,am.s and i s  l e d  by c e n t r a l  
systems engineer ing  personnel .  

Block 1.6 ( F i q .  1 8 )  Develop EnvirownentaZ C r i t e r i a  - As each mis- 
s i o n  state is  de f ined  and as system concepts are conceived t o  
o p e r a t e  i n  t h e s e  states, the  n a t u r a l  and induced environments 
are def ined .  This  f u n c t i o n  r e p r e s e n t s  t h e  d e f i n i t i o n  of t h e s e  
environmental  d a t a  i n t o  b a s i c  criteria t o  b e  used i n  t h e  evalua- 
t i o n  of a l t e r n a t i v e s .  The a c t i v i t y  starts wi th  t h e  i d e n t i f i c a t i o n  
of t h e  m i s s i o n . s t a t e s .  S tudies  are then  i n i t i a t e d  t o  d e f i n e  t h e  
n a t u r a l  environments w i t h i n  which all system elements  w i l l  opera te .  
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Such f a c t o r s  o r  ground winds, winds a l o f t ,  atmospheric p r o p e r t i e s ,  
temperature  ranges,  humidity,  etc, must be def ined  t o  serve as a 
b a s i s  f o r  de f in ing  t e c h n i c a l  approaches and t h e  r e fe rence  condi t ions  
f o r  comparing a l t e r n a t i v e  concepts.  
between t h e  a t t r i b u t e s ,  c a p a b i l i t y ,  a v a i l a b i l i t y ,  and dependab i l i t y  
of concepts ,  and t h e  environment. These f u n c t i o n a l  a c t i v i t i e s  are, 
t h e r e f o r e ,  h ighly  i t e r a t i v e .  As an example, t h e  d e r i v a t i o n  of a 
s t a t i s t i c a l  model of t he  Mars atmosphere in f luences  the  descent  
and load ing  p r o f i l e  and concepts  of system elements  f o r  accomplish- 
ing  t h e s e  func t ions .  The fol loiwng i s  a r e p r e s e n t a t i v e  l ist  of 
t he  types of environmental  criteria t h a t  may be involved i n  a sys- 
t e m  development. Not a l l  of t hese  are requ i r ed  t o  b e  de f ined  i n  
the  concept phase s i n c e  the  e x t e n t  of environmental  in format ion  
i s  g r e a t l y  a f f e c t e d  by the  l e v e l  of d e t a i l  of mission and system. 
The system engineer ing t a s k  i s  t o  determine the  requirements  t o  
r e a l i s t i c a l l y  examine t h e  f e a s i b i l i t y  of t h e  system and o p e r a t i o n a l  
concepts . 

There is a c l o s e  r e l a t i o n s h i p  

Block 1.7 (Fig. 1 8 )  Evaluation o f  Alternative Technical Approaches - 
A l t e r n a t i v e  t echn ica l  approaches are eva lua ted  i n  a n  i terative _ _  
process  t h a t  compares f u n c t i o n a l  approaches a g a i n s t  mission re- 
quirements,  and t h e  r e l a t i v e  a c h i e v a b i l i t y  and p o t e n t i a l  e f f ec -  
t i veness  of the a l t e r n a t i v e s .  

I n  t h i s  s t e p ,  t he  eva lua t ions  performed are normally l i m i t e d  by 
f a c t o r s  such as t h e  depth of a v a i l a b l e  background materiel and 
l i m i t a t i o n s  i n  t i m e ,  money, and s tudy  r e sources  t h a t  a f f e c t  t h e  
e f f o r t .  A primary f a c t o r  l i m i t i n g  t h e  scope of e v a l u a t i o n  is  
t h a t  i t  must be confined t o  d a t a  t h a t  is requ i r ed  t o  i d e n t i f y  
technica 2 approaches. 

The t o t a l  system performance i s  as ses sed  a n a l y t i c a l l y  by combing 
the  performance c h a r a c t e r i s t i c s  of va r ious  system elements  i n  a 
model (Fig.  18) ,  performance can be compared t o  miss ion  requi re -  
ments t o  determine f e a s i b i l i t y .  I n  t h e  concept phase,  t h e  models 
are s imple parametr ic  ana lyses  based on estimates of element per- 
formance. Elements c o n t r i b u t i n g  t o  a v e h i c l e  c a p a b i l i t y  might 
be  s i z e  versus t h r u s t ,  t h r u s t  ve r sus  weight ,  t h r u s t  ve r sus  c o s t ,  
e tc .  These da t a  f o r  a l t e r n a t i v e  types of concepts  show t h e  prime 
performance c h a r a c t e r i s t i c s  i n  terms of o t h e r  program and per for -  
mance v a r i a b l e s .  The system model b r ings  t o g e t h e r  t h e s e  f a c t o r s  
t o  v e r i f y  t h e  i n t e g r i t y  of combinations of e lements  and t h e i r  
compa t ib i l i t y  with mission and program c o n s t r a i n t s .  This  shows 
a t y p i c a l  con t ro l  system performance model f o r  a v e h i c l e  system. 
The model br ings  t o g e t h e r  propuls ion ,  guidance,  f l i g h t  c o n t r o l s ,  
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and t r a j e c t o r y  concepts f o r  eva lua t ion .  The g ross  system concepts  
of o t h e r  subsystems such as e lectr ical ,  communication h y d r a u l i c  
s t r u c t u r e s ,  e tc ,  are represented  as  weight .  Exe rc i s ing  t h i s  model 
w i l l  show f e a s i b i l i t y  and w i l l  a l s o  y i e l d  comparative d a t a  t o  
select t h e  most promising concepts.  A t  t h i s  s t a g e  of development, 
t h e  estimates of performance are h igh ly  u n c e r t a i n  and t h e  f e a s i b i l -  
i t y  must i nc lude  determining reserve c a p a b i l i t y .  The cumulat ive 
e f f e c t s  of d i spe r s ions  and n o n l i n e a r i t i e s  are unknown, and s o  re- 
serve o r  margin are important  f a c t o r s  i n  determining f e a s i b i l i t y .  
These are i d e n t i f i e d  and expressed i n  such terms as A v e l o c i t y ,  
weight ,  etc.  

These performance eva lua t ion ,  t oge the r  wi th  similar assessments  
of o p e r a t i o n a l  performance, c o n s t i t u t e  t he  system t r a d e  s t u d i e s  
t o  compare a l t e r n a t i v e s .  These ana lyses  make t h e  comparison i n  
terms of :  

o v e r a l l  con f igu ra t ion  and equipment arrangement drawings 
( d e t a i l s  of s t r u c t u r e  and equipment s u f f i c i e n t  t o  show 
f e a s i b i l i t y )  ; 

estimates of l oads  and load  pa ths  ( s i z e  of major s t r u c t u r a l  
elements and s e l e c t i o n  of materials); 

estimates of weight ,  cen te r  of g r a v i t y  l o c a t i o n s ,  mass 
moment of i n e r t i a ,  etc, where app l i cab le ;  

g r o s s  mission requirements,  paramet r ic  a n a l y s i s ,  environmental  
p r o f i l e s ,  crew s i z e ,  mission du ra t ion  and p h y s i o l o g i c a l  
requirements ,  performance, f l i g h t  mechanics, g r o s s  c o s t  and 
mission e f f e c t i v e n e s s  ana lyses  (Present  d a t a  pa rame t r i ca l ly . ) ;  

i n t e r f a c e  requirements  and major t e c h n i c a l  problem areas; 

parametric d a t a  and t radeoff  between v a r i o u s  subsystem con- 
c e p t s  (i.e.,  f u e l  c e l l s ,  b a t t e r i e s ,  s o l a r  cel ls ,  e t c ) ;  

p re l iminary  estimates of mission success ,  crew s a f e t y ,  and 
r e l i a b i l i t y  appointments among subsystems ; 

experiments and support  equipment g ross ly  de f ined  and i n t e -  
g ra t ed .  

I t e r a t i o n  i n  the  s tudy  is  accomplished as r equ i r ed  t o  change, 
c l a r i f y ,  extend,  and evolve a l t e r n a t i v e  t e c h n i c a l  approaches i n t o  
conceptua l  candida tes .  
documented t o  permit  t r a c e a b i l i t y  i n  follow-on system eng inee r ing  
activit ies.  

A l l  reasons f o r  dec i s ions  are c a r e f u l l y  

101  



2. 

This s t e p  i s  completed when a l l  approaches have been eva lua ted  and 
narrowed t o  those t h a t  appear t o  be t e c h n i c a l l y  most promising. 
The depth of eva lua t ion  a t  t h i s  t i m e  must be  i n  s u f f i c i e n t  d e t a i l  
t o  permit  t h e  p r e p a r a t i o n  of a development p l an .  

The systems engineer ing a c t i v i t y  is  t o  perform the  e v a l u a t i o n  of 
t he  va r ious  parameters,  apply t h e  s e l e c t i o n  cri teria t o  t h e s e  d a t a ,  
and document the  f ind ings  i n  system concept t r a d e  s t u d i e s .  These 
t r a d e  s t u d i e s  w i l l  i d e n t i f y  a l l  of t h e  t e c h n i c a l  approaches eval- 
uated,  t hose  e l imina ted  as unfeas ib l e  and those  deemed f e a s i b l e  
and recommended’for f u r t h e r  s tudy .  
t ive  comparative d a t a  are presented  t o  show t h e  b a s i s  of s e l e c t i o n .  

Both q u a n t i t a t i v e  and q u a l i t a -  

Those a l t e r n a t i v e  t e c h n i c a l  approaches t h a t  su rv ive  t h i s  i n i t i a l  
iterative system development phase are presented  i n  t h e  s tudy  
r e s u l t s .  The t e c h n i c a l l y  promising a l t e r n a t i v e  approaches are 
g raph ica l ly  por t rayed  us ing  a t a s k  a n a l y s i s  diagram suppor ted  by 
b r i e f  s p e c i f i c  n a r r a t i v e s  desc r ib ing  work t o  be  done s e q u e n t i a l l y ,  
work t o  be  done i n  p a r a l l e l  approaches,  major t e c h n i c a l  b a r r i e r s ,  
cos t  estimates, es t imated  t i m e  r equ i r ed  t o  meet o b j e c t i v e s ,  p r i o r -  
i t i e s  of approaches,  c r i t i c a l  performance parameters ,  and probabi l -  
i t ies  of t e c h n i c a l  success  f o r  each approach. 

Configurat ion D e f i n i t i o n  

This e f f o r t  involves  d e t a i l e d  s tudy ,  a n a l y s i s  and pre l iminary  
design of each a l t e r n a t i v e  system concept.  
s t u d i e s  is  t o  select a s i n g l e  system approach from those  i d e n t i f i e d  
i n  t h e  concept phase.  
ments and c o n s t r a i n t s  i d e n t i f i e d  i n  i n i t i a l  conceptua l  s t u d i e s ,  
as w e l l  as the  program and t e c h n i c a l  ground r u l e s  and c o n s t r a i n t s  
added a t  t h e  beginning of t h e  d e f i n i t i o n / d e s i g n  a c t i v i t y .  
conceptual  approaches shown t o  be f e a s i b l e  are sub jec t ed  t o  capa- 
b i l i t y ,  ope ra t iona l ,  and v e r i f i c a t i o n  ana lyses  t o  e s t a b l i s h  a 
system conf igu ra t ion  des ign  f o r  each a l t e r n a t i v e .  
encompass : 

The o b j e c t  of t h e s e  

These s t u d i e s  are based on mission r equ i r e -  

The 

These s t u d i e s  

ref inement  of s e l e c t e d  a l t e r n a t i v e  concepts ;  

p re l iminary  system des ign  d a t a  ( inc lud ing  pre l iminary  systems 
s p e c i f i c a t i o n s )  ; 

pre l iminary  assessment of manufacturing and t e s t i n g  f a c i l i t i e s  
and techniques;  

i d e n t i f i c a t i o n  of systems requirements  f o r  launch and opera- 
t i o n a l  suppor t ;  
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5) s y s t e m  and subsystem d e s i g n - m a r g i n s / s n f e t y - l x t o r  g o a l s ;  

6 )  pre l iminary  r e l i a b i l i t y  assessment, requirements ,  and p lan ;  

7) pre l iminary  q u a l i t y  assurance plan;  

8) pre l iminary  test plan;  

9 )  i d e n t i f i c a t i o n  of advanced r e sea rch  and technology and 
advanced development requirements,  

The primary func t ions  t h a t  take p l a c e  i n  d e f i n i t i o d d e s i g n  are 
fundamentally t h e  same as those i n  the  concept ana lyses ,  s i n c e  
the  engineer ing  process  of conceiving elements t o  perform func- 
t i o n s  t h a t  accomplish mission requirements does not  vary.  This  
des ign  process  r e s u l t s  i n  s i z i n g  of system elements and v e r i f i c a -  
t i o n  by more d e t a i l e d  analyses  of performance and o p e r a t i o n a l  fac-  
t o r s .  Figure 19 shows the  func t ions  t h a t  make up t h e  d e f i n i t i o n /  
des ign  e f f o r t  and t h e  activities a s s o c i a t e d  wi th  system element. 
Following is  a d e s c r i p t i o n  of those s t e p s  i n  t h e  d e f i n i t i o n l d e s i g n  
phase of systems development process .  

Block 2.1 (F ig .  19) StudH Planning - The f i r s t  a c t i v i t y  i n  t h i s  
phase i s  t h e  management funct ion of planning,  organiz ing  and - 
s t a f f i n g  t h e  s tudy  team. 
i n i t i o n / d e s i g n  phase w i l l  have p a r t i c i p a t e d  i n  concept s t u d i e s  
o r  performed equ iva len t  s tud ie s  t o  provide t h e  same i n s i g h t  and 
understanding of t h e  development problem. Therefore ,  t he  t a s k  
f o r  each o rgan iza t ion  is  t o  expand t h e  s tudy  team t h a t  performed 
t h e  i n i t i a l  s t u d i e s  t o  permit a d e t a i l e d  conf igu ra t ion  design of 
t h e  miss ion ,  performance requi red ,  and system elements.  

Each organiza t ion- invoived  i n  t h e  def- 

The i n p u t s  t o  the  system d e f i n i t i o n  phase are mission requirements ,  
a l t e r n a t i v e  system concepts and program requir?ments  and con- 
s t r a i n t s .  Design dec i s ions  a t  t he  system, system module o r  sub- 
system l e v e l s  w i l l ,  i n  some ins t ances ,  have been made i n  t h e  con- 
cep t  phase. These dec i s ions  w i l l .  appear  i n  rne  s t u d y  requirements 
documents as cri teria.  Other conf igu ra t ion  dec i s ions  w i l l  have 
been l e f t  open and s u b j e c t  to s e l e c t i o n  i n  t h e  a l t e r n a t i v e  ap- 
proaches.  

This f i r s t  s t e p ,  t he re fo re ,  is a n  a n a l y s i s  of t h e  i n p u t  requi re -  
ments and c o n s t r a i n t s  t o  compare them wi th  those  used previous ly .  
The r e s u l t  is an adjustment  i n  mission g u i d e l i n e s ,  eva lua t ion  
models, and o t h e r  f a c t o r s  prev ious ly  used. 
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Block 2 . 2  (Fig. 19) Define Program Requirements and Constraints - 
Based on ana lyses  of s tudy  requirements ,  a s tudy  cr i ter ia  is  devel- 
oped t o  c o n t r o l  t h e  s tudy  e f f o r t .  This  cri teria defines-- 

1) s e l e c t i o n  c r i te r ia  f o r  t r a d e  s t u d i e s ;  

2) t h e  l i s t  of t r a d e  s t u d i e s  t o  b e  performed; 

3) t h e  b a s e l i n e  reference mission t o  b e  used f o r  s i z i n g  and 
s e l e c t i o n ;  

4 )  d e f i n i t i o n  of t h e  mission and development states t h a t  must 
b e  s t u d i e d ;  

5) d e f i n i t i o n  of t h e  environmental  cr i ter ia  t h a t  must be expanded 
i n  t h e  s tudy ;  

6 )  d e f i n i t i o n  of performance and des ign  margins t o  be  employed; 

7) performance requirements from s tudy  g u i d e l i n e s ;  

8) system d e s c r i p t i o n  f r o m  s tudy  g u i d e l i n e s  and concept s t u d i e s ;  

9) mission requirements  from s tudy  g u i d e l i n e s .  

This criteria document i s  a systems engineer ing  e f f o r t  and i s  
maintained ( r e v i s e d  and expanded) as t h e  s tudy  proceeds.  I t  
forms t h e  b a s i s  f o r  studies i n  va r ious  p o r t i o n s  of t h e  system/ 
mission d e f i n i t i o n  and serves as a d a t a  book f o r  accumulation 
of r e s u l t s .  The l a t te r  purpose provides  management v i s i b i l i t y  
t o  t h e  o v e r a l l  s tudy  r e s u l t s .  

Of the f a c t o r s  contained i n  the  s tudy  cr i ter ia ,  t h e  t r a d e  s tudy  
criteria is of p a r t i c u l a r  importance as i t  e s t a b l i s h e s  t h e  b a s i s  
f o r  decision-making during t h e  s tudy .  I n  t h i s  cri teria,  s p e c i f i c  
o p e r a t i o n a l  areas of design f e a t u r e s  w i t h i n  which, o r  a g a i n s t  
which t r a d e  s t u d i e s  are t o  be  made, are i d e n t i f i e d .  Trade s t u d i e s  
MY invo lve  r e v i s i o n s  of system func t ions  and performance r e q u i r e -  
ments t h a t  can resul t  i n  r ev i sed  conf igu ra t ions  of t h e  system o r  
s p e c i f i c  end items. 

Criteria f o r  t r a d e  s t u d i e s  are expressed i n  terms of resources  
and system parameters .  Examples of resources  are funds,  t i m e ,  
manpower, and s k i l l s .  Examples of parameters  are weight ,  mission 
l e n g t h ,  r e l i a b i l i t y ,  m a i n t a i n a b i l i t y ,  s a f e t y ,  v u l n e r a b i l i t y ,  and 
s u r v i v a b i l i t y .  Criteria f o r  measurement of system e f f e c t i v e n e s s  
are s t a t e d  i n  q u a n t i t a t i v e  terms where p r a c t i c a l .  
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The cr i ter ia  e s t a b l i s h e d  f o r  t r a d e  s t u d i e s  are r e l a t e d  t o  t h e  
system measures of e f f e c t i v e n e s s  wi th  p a r t i c u l a r  a t t e n t i o n  t o  
" e s s e n t i a l "  and "desired1'  c h a r a c t e r i s t i c s  s t a t e d  the re in .  Trade- 
o f f  l i m i t a t i o n s  are s p e c i f i e d  i n  r e l a t i o n  t o  "essent ia l ' '  charac te r -  
i s t i c s  and performance requirements  f o r  ope ra t ions ,  maintenance, 
test ,  product ion and deployment elements.  

Block 2 .3  ( F i g .  19) Develop Operational Scenarios - Based on t h e  
s tudy  c r i t e r i a ,  o p e r a t i o n a l  and mission func t ions  and requirements  
are developed. 

The i n i t i a l  func t ion  a n a l y s i s  t h a t  w a s  performed dur ing  concept 
formula t ion  i s  now i t e r a t e d  and expanded t o  lower levels t o  r e f l e c t  
f o r  newly acquired informat ion  and d i r e c t e d  changes. This a n a l y s i s  
i nc ludes  cons ide ra t ion ,  maintenance, test, product ion ,  and deploy- 
ment func t ions  t o  t h e  level necessary t o  d e f i n e  concepts .  A t i m e  
requirements  a n a l y s i s  i s  performed on t i m e  c r i t i ca l  func t ions .  

Mission o b j e c t i v e s  and c o n s t r a i n t s  are reviewed and reexamined 
i n  r e l a t i o n  t o  h ighe r  and lower o r d e r  systems. A series of pre- 
l iminary  f u n c t i o n a l  models are developed on as many levels as 
necessary  t o  depic t  reasonably achievable  a l t e r n a t i v e  f u n c t i o n a l  
approaches.  Each competing f u n c t i o n a l  approach is then  examined 
i n  d e t a i l  t o  determine performance requirements a s s o c i a t e d  wi th  
i t s  func t ion  and the  documenting of t hese  requirements  i n  terms 
of i n p u t s ,  ou tputs ,  environments,  performance c o n s t r a i n t s ,  t i m e  
c o n s t r a i n t s ,  etc.  

Block 2.4 (Fiq. 19) Subsystem Definition - Each of t h e  proposed 
a l t e r n a t i v e  system concepts  i n  t h e  system development p l a n  are 
expanded t o  acqui re  f u r t h e r  understanding of f u n c t i o n s ,  pe r fo r -  
mance, design requirements and c o n s t r a i n t s .  The impact of each 
proposed system concept on o t h e r  e lements  of t h e  t o t a l  system 
are as ses sed ,  and these  new concepts  are used t o  expand f u r t h e r  
t h e  f u n c t i o n a l  model t o  i d e n t i f y  lower indentured  f u n c t i o n s .  This  
s y n t h e s i s  of s o l u t i o n s  is accomplished only t o  a p re l imina ry  de- 
s i g n  l e v e l  s u f f i c i e n t  t o  assess design r i s k  and t o  estimate devel- 
opment c o s t  and schedule .  

Schematics and l ayou t s  are used as t o o l s  t o  provide  f o r  v i s i b i l i t y ,  
t r a c e a b i l i t y ,  and communication. They p o r t r a y  t h e  f u n c t i o n a l  and 
p h y s i c a l  i n t e r f a c e s  between system elements  and a i d  i n  i n t e g r a t i n g  
performance requirements i n t o  s p e c i f i c  system elements .  

F a c i l i t y  end i tems,  such as e l e v a t o r s ,  c r anes ,  ramps, environmental  
c o n t r o l  systems, e t c  are i d e n t i f i e d  p a r t i c u l a r l y  i n  t h e  case of 
command and con t ro l  c e n t e r s ,  missile i n s t a l l a t i o n s ,  f i x e d  r e p a i r  
f a c i l i t i e s ,  s t r a t e g i c  communication systems,  etc. 
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The number and k inds  of personnel  f o r  system ope ra t ion ,  maintenance, 
test ,  product ion and deployment are i d e n t i f i e d  i n  g r o s s  terms. 

The f a c i l i t i e s ,  personnel ,  t r a i n i n g  equipment, p rocedura l  d a t a  a n d  
per iods  of t i m e  needed f o r  t r a i n i n g  purposes are i d e n t i f i e d  i n  
gross terms. Government furn ished  equipment (GFE) t h a t  cons t i -  
t u t e s  c o n s t r a i n t s  upon t h e  s y s t e m  is i d e n t i f i e d .  

I n  cases where t h e  new system i s  one which i s  evolv ing  from a 
p r e s e n t l y  i n s t a l l e d  system, o r  from a combination of p r e s e n t l y  
i n s t a l l e d  equipments o r  systems , the  performance requirements  
may have been genera ted  from a s tudy  of e x i s t i n g  c a p a b i l i t i e s .  
I n  t h i s  case, use of t h e  func t iona l  models is s u b j e c t  t o  c e r t a i n  
modi f ica t ions  i n  t h a t  t h e  scope of t h e  e x i s t i n g  system may be 
f i x e d  by mutual agreement between t h e  developer  and t h e  user. 

Block 2.5 ( F i g .  19) Develop Environmental C&teYYia - As t h e  devel-  
opment of system and mission informat ion  proceeds,  t h e  environ- 
mental  d e f i n i t i o n  is  expanded from i n i t i a l  d e f i n i t i o n  of n a t u r a l  
and imposed condi t ions .  These d a t a  are compiled from examination 
of t h e  mission states and the  system ope ra t ing  sequence i n  each 
state. Where conceptua l  s t u d i e s  were l i m i t e d  t o  pre l iminary  as- 
sessments of environmental  cond i t ions ,  t h e s e  d e f i n i t i o n  ana lyses  
r e f l e c t  a more d e t a i l e d  information based on b e t t e r  estimates of 
loads  ( thermal ,  shock v i b r a t i o n ,  e t c ) .  More complete models are 
developed based on t h e s e  loads t o  determine compartment environ- 
ments and t h e  need f o r  environmental  c o n t r o l  measures. 

Block 2.6 ( F i g .  1 9 )  Evaluation and S iz ing  - Based.on expanded mis- 
s i o n  and o p e r a t i o n a l  ana lyses  and environmental  d a t a ,  o p e r a t i o n a l  
and performance models are expanded t o  e v a l u a t e  t h e  system con- 
f i g u r a t i o n  des igns .  This  f u n c t i o n a l  a c t i v i t y  i s  t h e  s i z i n g  of 
subsystem parameters ,  and developing t i m e  sequencing of f u n c t i o n a l  
even t s .  I n  t h e  mission and a c q u i s i t i o n  states, models are devel- 
oped and exe rc i sed  f o r :  

1) c a p a b i l i t y  - v e h i c l e  performance; 

2) s u r v i v a b i l i t y  - safety,  l i f e  suppor t ,  environmental  c o n t r o l ;  

3) dependab i l i t y  - r e l i a b i l i t y  , performance and des ign  margin; 

4 )  a v a i l a b i l i t y  - readiness ,  launch on t i m e ,  s t o r a g e  l i f e ;  

5) o p e r a b i l i t y ;  

6 )  

7) p r o d u c i b i l i t y .  

t r a n s p o r t  ab i li t y  ; 
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The mission problems expressed as t h e  func t ions  t o  be  performed 
and t h e  f u n c t i o n a l  requirements  are expressed a n a l y t i c a l l y  i n  t i m e  
of t h e  performance parameters  of system elements .  
exe rc i sed  t o  s i ze  t h e  performance requirements  i n t o  a set  of al- 
l o c a t i o n s  t h a t  s a t i s f y  t h e  mission requirements ,  are f e a s i b l e  des ign  
requirements ,  and are optimum from a s e l e c t i o n  cri teria p o i n t  of 
view. These models are expansions of those  developed i n  concept 
s t u d i e s  and new models developed t o  examine system a s p e c t s  no t  
p rev ious ly  examined. 
launch v e h i c l e  performance c a p a b i l i t y .  I n  e a r l y  s t u d i e s ,  a t h r e e  
degrees  of freedom t r a j e c t o r y  model provides  s u f f i c i e n t  v i s i b i l i t y  
t o  determine f e a s i b i l i t y  of a t t a i n i n g  a given  payload-orbi t  capa- 
b i l i t y  i n  terms of t h r u s t ,  weight ,  accuracy,  e tc .  I n  system def- 
i n i t i o n ,  t h e  model would b e  expanded t o  r e f l e c t  a d i s t r i b u t e d  body. 
Subsequently,  i n  pre l iminary  and f i n a l  des ign  the  model would be  
expanded t o  s i x  degrees  of feeedom and d i s p e r s i o n s  of parameters 
used t o  r e f i n e  t h e  performance a n a l y s i s  of t he  systems a b i l i t y  t o  
perform the  mission. 

The models are 

An example of t h i s  is  t h e  modeling of a 

The b a s i c  elements of modeling of performance f a c t o r s  are t h e  
a n a l y t i c a l  express ion  desc r ib ing  t h e  mission i n  terms of p h y s i c a l  
parameters  such as t i m e ,  energy d i s t a n c e ,  mass p r o p e r t i e s ,  environ- 
ments, geometry, etc.  The r e s u l t a n t  performance relates t o  per- 
formance parameters of subsystem elements of t he  system. The 
paramet r ic  da t a  that f eeds  t h e  system performance models are para- 
metric d a t a  r e s u l t i n g  from performance ana lyses  of t h e  subsystem 
involved. These subsystem performance ana lyses  are a l s o  per f  or- 
mance models f o r  t h e  concepts  previous s t u d i e s  have shown f e a s i b l e .  
I n  t h e  example of a launch v e h i c l e  s i t e d  above, some of t h e  sub- 
system performance models would be :  

1) 

2) 

guidance - guidance equa t ions  and e r r o r  a n a l y s i s ;  

p ropuls ion  - performance model and e r r o r  a n a l y s i s ;  

3) s t r u c t u r e  - l oad  a n a l y s i s ;  

4 )  aerodynamics - aerodynamic equat ions  - h e a t i n g  a n a l y s i s .  

BZock 2.8 ( F i g .  19)  Perform PreZim-inary Design - Once systems 
performance analyses  and de termina t ion  of a l l o c a t i o n s  t o  subsys- 
tems i s  accomplished, t h e  s e l e c t e d  system element  and subsystem 
concepts  are expanded t o  a pre l iminary  des ign .  The p re l imina ry  
des ign  i s  a d e t a i l i n g  of each system element and subsystem i n  
terms of conf igura t ion ,  f u n c t i o n ,  des ign  c h a r a c t e r i s  t i c s ,  and 
i n t e r f a c e s .  
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Pre l iminary  des ign  is aimed at desc r ib ing  t h e  hardware, d e f i n i n g  
des ign  and f u n c t i o n a l  requirements and desc r ib ing  f u n c t i o n a l  and 
p h y s i c a l  i n t e r f a c e s .  The inpu t ,  i n  each case, i s  t h e  system pe r -  
formance requirements .  The f a c t o r s  l i s t e d  above d e s c r i b e  a l l  
f a c t o r s  t h a t  must b e  considered i n  pre l iminary  design.  
t h e s e  f a c t o r s  is  desc r ibed  below t o  show t h e  d a t a  developed i n  
pre l iminary  design.  

Each of 

Configuration - S i z e ,  weight ,  equipment e lements ,  outboard p r o f i l e s ,  
l o c a t i o n  i n t e r r e l a t i o n s h i p  of elements,  materials, cons t ruc t ion  
methods, arrangement of elements.  These are descr ibed  i n  block 
diagram, schematics ,  arrangement drawings,  i some t r i c  drawings, 
l ayou t s .  

Functions - Operating d e s c r i p t i o n ,  sequencing, mission modes, power 
requirements ,  environmental  condi t ions ,  method of checkout,  v e r i -  
f i c a t i o n  methods, measurement lists. These d a t a  are i n  the  form 
of ope ra t ing  d e s c r i p t i o n s ,  t ime l ines ,  l o g i c  diagrams, performance 
parameter p r o f i l e s ,  f u n c t i o n a l  d e s c r i p t i o n s  and f u n c t i o n a l  requi re -  
ments. 

Design Characteristics - R e l i a b i l i t y  a l l o c a t i o n ,  s a f e t y  cr i ter ia ,  
m a i n t a i n a b i l i t y ,  a l l o c a t i o n ,  design margins. These are descr ibed  
i n  term of numerical  va lues .  

Interfaces - Func t iona l  and phys ica l  i n t e r f a c e s  wi th  o t h e r  subsys- 
tems and modules and o t h e r  s y s t e m  segments covering mechanical,  
electrical, environmental ,  opera t ing ,  handl ing.  These d a t a  are 
desc r ibed  i n  pre l iminary  i n t e r f a c e  documents which con ta in  descr ip-  
t i o n s ,  paramet r ic  d a t a ,  paramet r ic  va lue ,  arrangment schematics  
and drawings. The i n t e r f a c e  d e f i n i t i o n  is the  i d e n t i f i c a t i o n  of 
complex i n t e r r e l a t i o n s h i p s  between fundamental b u i l d i n g  b locks ,  
subsystems, and a l l  o t h e r  elements of t h e  system. The t o t a l  
system can usua l ly  b e  def ined  i n  descending sets of complex ele- 
ments as i n  F igure  20. 

The i n t e r f a c e s  of a subsystem are the  sum t o t a l  of i t s  i n t e r r e i a -  
t i o n s h i p s  w i t h  a l l  o t h e r  subsystems and elements .  Pre l iminary  
des ign  must develop ( i d e n t i f y  and quan t i fy )  t h e s e  i n t e r f a c e s .  
Where q u a n t i f i c a t i o n  is no t  p o s s i b l e ,  because of l a c k  of informa- 
t i o n ,  t h e  minimum requirement is  t h e  d e f i n i t i o n  of t h e  f u n c t i o n a l  
i n t e r f a c e .  The d e c i s i o n  as t o  whether any i n t e r f a c e  can b e  l e f t  
i n  f u n c t i o n a l  requirements  form o r  should b e  c a r r i e d  t o  a s o l u t i o n  
i s  dependent on i ts  impact on the  system d e f i n i t i o n  program c o s t  
and schedule .  
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Figure  20 Total Sys tem 

I f  a p a r t i c u l a r  parameter  has  s i g n i f i c a n t  bea r ing  on performance 
of e i t h e r  a major system element o r  on o t h e r  e lements ,  i t  would 
b e  q u a n t i f i e d .  I f  t h e  s i z i n g  of t h e  i n t e r f a c e  has  s i g n i f i c a n t  
c o s t  impact t o  t h e  agency o r  c o n t r a c t o r  performance of t h e  devel-  
opment of a s y s t e m  element then,  too ,  i t  should  be  q u a n t i f i e d .  

I n  subsequent s t e p s  of system d e f i n i t i o n  and des ign ,  t h e s e  inter-  
f a c e s  are def ined i n  ICDs a t  va r ious  levels,  i .e. ,  module t o  
module, system element t o  system element,  and system t o  system. 
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Block 2.8 (Fig. 19) Develop Preliminary Specifications - Prelim- 
i n a r y  system des ign  d a t a  for t h e  system and each system element 
i s  t h e  primary t e c h n i c a l  ou tput  of t h e  system d e f i n i t i o n  phase.  
These d a t a  are combined at var ious  levels of complexity t o  provide  
a coherent  set of performance and design s p e c i f i c a t i o n s  of t h e  
system and i ts  elements  t h a t  have been conceived, configured,  and 
s i z e d  t o  meet t h e  mission requirements.  The system d e f i n i t i o n  
r e s u l t s  i n  a d e f i n i t i o n  of the  minimum set of s p e c i f i c a t i o n s  suf-  
f i c i e n t  t o  d e s c r i b e  t h e  system conf igu ra t ion  and t h e  "design to" 
requirements f o r  each element. 
needed t o  g i v e  a clear p i c t u r e  of a system depends on t h e  com- 
p l e x i t y  of t h e  s u b j e c t  system. 
c a t i o n  and a system s p e c i f i c a t i o n  f o r  t he  major systems w i l l  b e  
r equ i r ed  t o  d e s c r i b e  t h e  system performance and des ign  requirements  
t h a t  have been de r ived  during t h i s  s tudy phase.  

The h i e ra rchy  of s p e c i f i c a t i o n s  

I n  gene ra l ,  a top system s p e c i f i -  

S ince  system d e f i n i t i o n  may involve  s tudy  of more than  one concept- 
ual approach, t h e  conf igu ra t ion  des ign  of each concept  w i l l  r e s u l t  
i n  system s p e c i f i c a t i o n s .  
i s o n  and s e l e c t i o n  of t h e  most promising concept .  

These w i l l  p rovide  a b a s i s  f o r  compar- 

Block 2.9 ( F i g .  19)  Develop Plans - The r e s u l t s  of t h e  d e f i n i t i o n /  
des ign  a c t i v i t y  are d e f i n i t i o n s  of equipment, f a c i l i t i e s ,  personnel ,  
sof tware ,  a f u n c t i o n a l  d e s c r i p t i o n  of how they work t o  meet de r ived  
mission requirements .  
are descr ibed  i n  pre l iminary  s p e c i f i c a t i o n s  and i n  p l ans .  
document a c t i o n s  r equ i r ed  t o  implement t h e  requirements  de r ived  
dur ing  t h e  system d e f i n i t i o n  and design phase.  Examples of t h e s e  
documents are t h e  r e l i a b i l i t y  p lan ,  test p l a n ,  q u a l i t y  assurance  
p lan ,  l o g i s t i c s  p l an ,  and conf igura t ion  management p lan .  Each of 
t h e s e  p l ans  w i l l  i nc lude  the fol lowing types of in format ion:  

The elements needed t o  perform t h e  mission 
Plans  

r e l a t e d  o r g a n i z a t i o n s  and responsib i l t i e s  ; 

methodology - methods and procedures t o  be employed; 

means f o r  review and c o n t r o l l i n g  t h e  act ivi t ies ;  

i d e n t i f i c a t i o n  of coord ina t ion  and c o n t r o l  of va r ious  
o r g a n i z a t i o n a l  a c t i v i t i e s ;  

r e p o r t s  and documentation t o  b e  used; 

miles tones and schedules  ; 

i d e n t i f i c a t i o n  of support  and f a c i l i t y  requirements  needed 
t o  implement t h e  a c t i v i t y ;  



8)  flow c h a r t s  i d e n t i f y i n g  t h e  sequence of even t s ;  

9) d e s c r i p t i o n  of d e t a i l  approaches t o  b e  employed f o r  each 
major a c t i v i t y ;  

10) i d e n t i f i c a t i o n  of cri teria t o  be  used i n  performing t h e  
func t ions  and judging  performance; 

11) records ,  d a t a ,  and approaches r equ i r ed  i n  performing t h e  
func t ions .  

These d a t a  f o r  each of t h e  p l ans  l i s t e d  above d e s c r i b e  "howl' t h e  
func t ion  w i l l  b e  performed. 

I n  summarizing, t h i s  s e c t i o n  has  presented  a view of systems engi-  
neer ing  i n  terms of t h e  i n t e g r a t e d  a c t i v i t i e s  t h a t  make up each 
phase. This  d e s c r i p t i o n  emphasized two t h i n g s .  The systems 
engineer ing  o b j e c t i v e s  are accomplished by a s t r a t e g y  t h a t  i nvo lves  
c o n t r o l  i n t e g r a t i o n  and eva lua t ion  of t h e  t e c h n i c a l  e f f o r t s  of a l l  
d i s c i p l i n e s .  The composite of t h e  activit ies desc r ibed  i n  Sec t ion  
V.B are planned so t h a t  t h e  r e s u l t  at t h e  p r o j e c t  level c o n s t i t u t e s  
a t e c h n i c a l  requirement management t o  a s s u r e  t h a t  r e s u l t s  are 
s t a t e d  and maintained as a c o n s i s t e n t  set of t h ings .  
p o i n t  emphasized i n  t h i s  s e c t i o n  is t h a t  t h e  p rocess  of development 
i s  no t  a set of d i s t i n c t  and s e p a r a t e  phases ,  b u t  is  a cont inuous 
evo lu t ion  t o  g r e a t e r  and g r e a t e r  d e t a i l  requirements  and descr ip-  
t i o n  of t he  system. Phase d e f i n i t i o n  f o r  c o n t r a c t u a l  purposes is  
n o t  necessarily a n  a c c u r a t e  d e s c r i p t i o n  of t h e  degree  of system 
d e f i n i t i o n .  

The second 

c 

1 1 2  



D. SYSTEMS ENGINEERING OPERATIONS 

In the previous sections, the description of systems engineering 
was treated in terms of roles and responsibilities and develop- 
ment process activities. This treatment addressed the interre- 
lation of systems engineering with elements of the system and with 
stages of development. These sections, B and C, described a three- 
dimensional condition, two at a time; the three factors are sys- 
tems engineering activities, systems elements, and system devel- 
opment activities (in time). 
in Figure 21 with the interactions described in previous sections 
identified. These three planes were covered separately to give a 
clear picture of each of the factors. The folding of these three 
views of systems engineering on a single plane is desirable because 
it gives a composite view with respect to time that is important 
to understanding system engineering functions. 

This concept of the problem is shown 

Program 
Phases 

Section C 

Figure 22 System Engineering Interactions 
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Figure 22 shows a composite se t  of a c t i v i t i e s  t h a t  occur dur ing  
t h e  d e f i n i t i o d d e s i g n  phase.  I n  t h i s  f i g u r e ,  t h e  i n t e r a c t i o n  of 
c e n t r a l  systems d i s c i p l i n e s  and t e c h n i c a l  d i s c i p l i n e s  i s  shown 
at each point  i n  t h e  development process .  
f e a t u r e  shown i n  t h e  f i g u r e  i s  t h e  system requirements and d e f i n i -  
t i o n  b a s e l i n e  t h a t  d r i v e s  t h e  development process  and r e p r e s e n t s  
t h e  b a s e l i n e  c o n t r o l  of system requirements .  As can b e  seen ,  
t h i s  b a s e l i n e  is a source  of requirements a t  each p o i n t  i n  t h e  
development process  and i s  cont inuously updated and maintained 
as dec is ions  are made. The requirements b a s e l i n e  i n  F igure  22 
is  i d e n t i f i e d  as a heavy dark l i n e  near t h e  t o p  of t h e  diagram. 

The most impor tan t  

Figure 22 is an over  s i m p l i f i c a t i o n  i n  t h e  s e n s e  t h a t ,  as a s i n g l e  
view, i t  i m p l i e s  no o r g a n i z a t i o n a l  complexity. I n  p r a c t i c e ,  t h e r e  
would b e  a series of p a r a l l e l  flow c h a r t s  f o r  a mul t io rgan iza t ion  
program, each address ing  i t s  por t ion  of t h e  program and i t s  i n t e r -  
f aces  w i t h  o the r  segments. Th i s  composite diagram demonstrates  
t h e  complexity t h a t  exists w i t h i n  a given system element as w e l l  
as between system elements,  and shows t h e  need f o r  continuous 
involvement of  c e n t r a l  systems engineer ing  and t h e  d i s c i p l i n e s  
i t  represents  t o  emphasize t h e  t o t a l  system. 

I n  t h e  fol lowing d i scuss ion ,  t h e  ac t iv i t i e s  of F igure  22 are 
i d e n t i f i e d  and descr ibed .  I n  t h e  h o r i z o n t a l  ax is ,  t h e  requi re -  
ments, d i s c i p l i n e s ,  a c t iv i t i e s ,  and system elements  are i d e n t i -  
f i e d  as follows: 

A. C e n t r a l  Systems D i s c i p l i n e s ;  

B. System I n t e g r a t i o n  Requirements; 

C. Technical D i s c i p l i n e s ;  

D. Activities; 

E. System Elements. 

These a c t i v i t i e s  are i n t e r r e l a t e d  as w i l l  b e  s e e n  upon examina- 
t i o n  of t h e  diagram, and t h e  output  of  one a c t i v i t y  a f f e c t s  t h e  
performance of another  a c t i v i t y .  Th i s  emphasizes t h e  importance 
of t h e  system requirements  b a s e l i n e  t h a t  d r i v e s  t h e  development 
process  and provides b a s e l i n e  c o n t r o l .  It i s  t h e  c e n t r a l  sou rce  
of requirements t h a t  a f f e c t s  a l l  e lements  of t h e  system. 
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The vertical axis of t h e  diagram shows even t s  t h a t  occur  d u r i n g  
t h e  development process ,  and t h e  i n p u t s  and outputs  of t h e s e  e v e n t s  
i n  o r  o u t  of t h e  requirements b a s e l i n e .  
s c r i b e d  i n  matrix f a sh ion ,  i .e. ,  l i n e  A,  even t  l; l i n e  A, even t  2; 
l i n e  B ,  even t  1; and so on. I n i t i a l l y ,  t h e  requirements  from t h e  
previous  phase m u s t  b e  determined and d i s t r i b u t e d  t o  a l l  concerned 
du r ing  t h e  def i n i t i o d d e s i g n  phase.  

The diagram w i l l  b e  de- 

1. I n i t i a l  Systems Analys is  

The f i r s t  even t  is  t h e  i n i t i a l  systems a n a l y s i s  of t h e  i n p u t  re- 
quirements t o  a i d  i n  s e l e c t i o n  o f  t h e  concept f o r  a i r b o r n e  equip-  
ment (E-1). This is  performed by t h e  c e n t r a l  systems d i s c i p l i n e s  
as shown i n  B-1, and by t h e  t e c h n i c a l  d i s c i p l i n e s  shown i n  C-1.  
The activit ies performed a r e  t h o s e  shown i n  D-1. The r e s u l t s  of 
t h e s e  a c t i v i t i e s  are i n p u t s  t o  t h e  requirements  b a s e l i n e  of cen- 
t r a l  systems eng inee r ing  (A-1) . 

2. Requirements I n t e g r a t i o n  

After t h e  i n i t i a l  systems ana lys iS  of t h e  i n p u t  requirements  has  
been completed, t h e  r e s u l t s  are i n t e g r a t e d  i n t o  systems r equ i r e -  
ments t o  determine t h e  concepts s e l e c t e d  f o r  a i r b o r n e  equipment. 
The requirementa i n t e g r a t i o n  even t  is shown i n  B-1. 

3. Concept D e f i n i t i o n  

The a l t e r n a t i v e  concepts  f o r  t h e  system elements  are f u l l y  de- 
f i n e d  80 t h a t  selection can be made. This  is  shown i n  event  
c-3. 

4. Concept Eva lua t ion  & S e l e c t i o n  

5 .  

Once t h e  a l t e r n a t i v e  concepts have been  f u l l y  def ined ,  they are 
e l e v a t e d  by c e n t r a l  systems engineer ing  and t h e  b e s t  concepts  
f o r  A/B equipment are s e l e c t e d  (B-4). 
i n  t h e  e v a l u a t i o n  process  are shown i n  D-4. The concepts  se- 
Ab--- l a m + &  -*- n-- +h-- ....-a- In,+,~,gr&ed i n t o  the requirements haseline (A-4) 
and t h e  system element l i n e  (E-4). 

The a c t i v i t i e s  involved 

Performance and Design Analysis  

A f t e r  t h e  A/B equipment concepts have been s e l e c t e d ,  a pe r fo r -  
mance and des ign  a n a l y s i s  is performed by t h e  c e n t r a l  systems 
eng inee r ing  and t e c h n i c a l  d i s c i p l i n e s  (B-5 and C-5). 
same time, t h e  systems design and i n t e g r a t i o n  d i s c i p l i n e  performs 
an i n t e g r a t i o n  a c t i v i t y  of t h e  performance and des ign  a n a l y s i s  

A t  t h e  
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6 .  

7 .  

8 .  

9. 

r e s u l t s  t o  assure  . t h a t  t h e  concepts meet t o t a l  sys tems s u i t a b i l i t y  
(B-5 ) .  These ana lyses  and i n t e g r a t i o n  a c t i v i t i e s  result i n  an 
expansion of t h e  models used i n  t h e  concept s e l e c t i o n  process  
(E-5) and i n  an i n p u t  t o  t h e  requirements b a s e l i n e  (A-5). 

Determine General T e s t  Philosophy 

A t  t h i s  po in t  i n  t h e  development process ,  a f t e r  t h e  a i r b o r n e  
equipment has been e s s e n t i a l l y  determined, t h a t  i n i t i a l  thought  
is given  t o  t h e  GSE and f a c i l i t i e s  requi red .  A gene ra l  tes t  
philosophy is determined by t h e  v e r i f i c a t i o n  d i s c i p l i n e  of cen- 
t r a l  systems wi th  t h e  p a r t i c i p a t i o n  of t h e  o t h e r  c e n t r a l  systems 
d i s c i p l i n e s  (B-6).  The gene ra l  test philosophy developed is based 
on information obta ined  from t h e  requirements  b a s e l i n e  (A-6) , t h e  
t e c h n i c a l  d i s c i p l i n e s  (C-6) , and t h e  system element models (E-6). 

D e f i n i t i o n  of GSE and F a c i l i t y  Requirements 

GSE and f a c i l i t y  requirements  are def ined  by c e n t r a l  systems de- 
s i g n  and i n t e g r a t i o n  d i s c i p l i n e  wi th  p a r t i c i p a t i o n  from a i r b o r n e  
equipment design, GSE des ign ,  and f a c i l i t y  des ign  t e c h n i c a l  d i s c i -  
p l i n e s .  These d e f i n i t i o n s  are based on t h e  requirements  b a s e l i n e  
d a t a  (A-7) and t h e  a c t i v i t i e s  of D-7. 

Determine Ground Systems I n i t i a l  Concepts 

With t h e  genera l  test philosophy e s t a b l i s h e d  and t h e  GSE and fa -  
c i l i  t y  requirements de f ined ,  t h e  ground s y s  tema i n i t i a l  concepts  
are determined by t h e  GSE and f a c i l i t i e s  t e c h n i c a l  d i s c i p l i n e s  
(C-8). 
t h e  de te rmina t ion  of t h e  ground system i n i t i a l  concepts  (C-8). The 
r e s u l t s  are input t o  t h e  requirements  b a s e l i n e  (A-8) and t h e  sys-  
t e m  element l i n e  (E-8).  

The A/B equipment t e c h n i c a l  d i s c i p l i n e s  p a r t i c i p a t e s  i n  

Perform Mission Operat ions Analys is  

Once t h e  GSE and f a c i l i t i e s  concepts are e s t a b l i s h e d ,  a miss ions  
ope ra t ions  ana lys i s  is performed by t h e  c e n t r a l  systems d i s c i -  
p l i n e s  (B-9). The material i n  t h e  requirements  b a s e l i n e  (A-9) , 
t h e  informat ion  provided by GSE and f a c i l i t i e s  des ign  (C-91, and 
t h e  system element concepts  and d e s c r i p t i o n  (E-9) are used as t h e  
sou rces  of da t a  f o r  t h e  a n a l y s i s .  The a c t i v i t i e s  shown i n  D-9 are 
t h e  ones involved i n  t h e  a n a l y s i s .  
ope ra t ions  ana lys i s  are i n p u t  i n t o  t h e  c e n t r a l  systems r equ i r e -  
ments b a s e l i n e  (A-9). 

The r e s u l t s  of t h e  miss ion  
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10. Performance S i  z ing  

. 

A performance s i z i n g  a c t i v i t y  of t h e  a i r b o r n e  equipment is con- 
ducted by t h e  a i r b o r n e  equipment t e c h n i c a l  d i s c i p l i n e s  (C-10) . 
The source  of in format ion  used i n  t h e  performance s i z i n g  a c t i v i t y  
is  t h e  requirements  b a s e l i n e .  The r e s u l t  of t h i s  a c t i v i t y  is  t h e  
s i z i n g  of t h e  a i r b o r n e  systems (E- lo) ,  and t h e  performance s i z i n g  
r e s u l t s  are i n t e g r a t e d  i n  t h e  requirements  b a s e l i n e .  The a c t i v -  
ities of D-10 are involved i n  t h e  s i z i n g  and i n t e s r a t i o n  p rocess .  

11. S i z i n g  I n t e g r a t i o n  

Based on t h e  r e s u l t s  of t h e  performance s i z i n g  a c t i v i t y ,  t h e  de- 
sign and i n t e g r a t i o n  d i s c i p l i n e  of c e n t r a l  s y s  t e m  eng inee r ing  
performs an i n t e g r a t i o n  a c t i v i t y  t o  a s s u r e  t h a t  t h e  performance 
s i z i n g  r e s u l t s  are compatible w i t h  t h e  t o t a l  system concept 
(B-11) .  This I n t e g r a t i o n  a c t i v i t y  must b e  performed b e f o r e  t h e  
s i z i n g  r e s u l t s  are i n t e g r a t e d  i n  t h e  requirements  and d e f i n i t i o n  
b a s e l i n e  (A-11) . 

12 .  Perform Opera t ions  S i z i n g  

An opera t ions  s i z i n g  a n a l y s i s  is  performed by t h e  c e n t r a l  systems 
eng inee r ing  and t e c h n i c a l  d i s c i p l i n e s  (B-12 and C-12) us ing ,  as 
t h e  b a s i s  f o r  t h e  a n a l y s i s ,  t h e  sou rce  material conta ined  i n  t h e  
requirements  and def id t i o n  b a s e l i n e  and in fo rma t ion  from t h e  
system element (E-12). The a c t i v i t i e s  of D-12 are involved and 
result in t h e  de te rmina t ion  of t h e  pe r sonne l  r e q u i r e d  f o r  ground 
ope ra t ione  (E-12). The results of t h e  o p e r a t i o n  are a l s o  i n t e -  
g ra t ed  in t h e  requirements  and d e f i n i t i o n  b a s e l i n e .  

13-  A/B Equipment Design D e f i n i t i o n  

14. 

The act ivi t ies  of D-13 are performed dur ing  t h e  des ign  d e f i n i t i o n .  
The source  material f o r  t h e  des ign  d e f i n i t i o n  a c t i v i t y  came from 
t h e  requirements  d e f i n i t i o n  b a s e l i n e  (B-13) and t h e  system ele- 
ments (E-13). The o u t p u t s  of t h e  a i r b o r n e  equipment des ign  def-  
i n i t i o n  r e s u l t  i n  t h e  a i rbo rne  equipment be ing  def ined  (E-13) and 
i n t e g r a t e d  i n  t h e  b a s e l i n e  (A-13). 

Perform Systems Review 

Af te r  t h e  a i r b o r n e  equipment i s  de f ined ,  a systems review is h e l d  
t o  de te rmf ine  i f  t h e  equipment, as def ined ,  m e e t s  a l l  requi re -  
ments. The requirements and d e f i n i t i o n  b a s e l i n e  (B-14) is t h e  
source  of in format ion  f o r  t h e  systems review. The r e s u l t s  of t h e  
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system8 review are I n t e g r a t e d  i n  t h e  system elements  (E-14) and 
i n  t h e  requirements and d e f i n i t i o n  b a s e l i n e  (A-14) f o r  use i n  
subsequent  d e f i n i t i o n  update .  

15. GSE and F a c i l i t y  Concept D e f i n i t i o n  

16.  

A f t e r  t h e  sys t ems  review of  t h e  a i r b o r n e  equipment, t h e  GSE and 
f a c i l i t y  concepts are f u l l y  de f ined  (C-15) so t h a t  s e l e c t i o n  can 
b e  made. 

GSE and F a c i l i t y  Concept Eva lua t ion  & S e l e c t i o n  

Once t h e  a l t e r n a t i v e  concepts  have been f u l l y  de f ined ,  t hey  are 
eva lua ted  by c e n t r a l  systems eng inee r ing  and t h e  b e s t  concepts  
s e l e c t e d  (B-16). 
e v a l u a t i o n  and s e l e c t i o n  p rocess .  This  a c t i v i t y  r e s u l t s  i n  GSE 
and f a c i l i t y  system element concept s e l e c t i o n  (E-16), and t h e  
r e s u l t s  are i n t e g r a t e d  i n  t h e  requirements  and d e f i n i t i o n  base- 
l i n e .  

The a c t i v i t i e s  of D-16 are involved i n  t h e  

17. GSE & F a c i l i t y  Performance Design Analys is  

A performance des ign  a n a l y s i s  is  conducted by GSE and f a c i l i t y  
technical d i s c i p l i n e s  (C-17) concur ren t ly  w i t h  an i n t e g r a t i o n  
a c t i v i t y  performed by t h e  c e n t r a l  systems d i s c i p l i n e s  (B-17). 
The b a s i s  for  t h e s e  ac t iv i t ies  is  t h e  requirements  contained i n  
t h e  requirements and d e f i n i t i o n  b a s e l i n e  (A-17). The ou tpu t  of 
t h e  performance des ign  a n a l y s i s  i s  i n p u t  i n t o  t h e  b a s e l i n e  (A-17) 
and t h e  expanded concept models (E-17). The act ivi t ies  of D-17 
are performed i n  t h e  process .  

18. GSE & F a c i l i t y  Performance S i z i n g  

Performance s i z i n g  of GSE and f a c i l i t y  equipment i s  performed by 
GSE and f a c i l i t y  t e c h n i c a l  d i s c i p l i n e s  u s i n g  t h e  a c t i v i t i e s  of 
D-18. The informat ion  source  f o r  t h e  a c t i v i t y  is that conta ined  
i n  t h e  c e n t r a l  systems requirements  and d e f i n i t i o n  b a s e l i n e  (A-18) 
The output  of t h e  performance s i z i n g  o p e r a t i o n  i s  i n t e g r a t i o n  I n  
t h e  b a s e l i n e  (A-18). Concurrent ly  wi th  t h e  performance s i z i n g  
ope ra t ion ,  an i n t e g r a t i o n  a c t i v i t y  is performed by c e n t r a l  sys -  
tems t o  a s su re  c o m p a t i b i l i t y  of t h e  r e s u l t s  of t h e  performance 
s i z i n g  a c t i v i t y  wi th  t h e  t o t a l  system The ou tpu t  of t h e  
performance s i z i n g  and i n t e g r a t i o n  a c t i v i t i e s  r e s u l t s  i n  t h e  s i z -  
i n g  of GSE and f a c i l i t y  systems elements. 

(B-18). 

120 



19.  GSE and F a c i l i t i e s  Design D e f i n i t i o n  

c 

I 

. 

Subsequent t o  t h e  performance s i z i n g  of GSE and f a c i l i t i e s ,  def-  
i n i t i o n  of t h e  design of t h e s e  elements  occurs  ((2-19) r e s u l t i n g  
i n  system element d e f i n i t i o n  (E-19) which i s  i n t e g r a t e d  i n  t h e  
requirements  and d e f i n i t i o n  b a s e l i n e  (A-19) . 

20. A/B Equipment Desim D e f i n i t i o n  Update 

A f t e r  t h e  GSE and f a c i l i t y  design has  been de f ined ,  t h e  a i r b o r n e  
equipment t e c h n i c a l  d i s c i p l i n e s  perform a d e f i n i t i o n  update  of 
the a i r b o r n e  equipment (C-20) r e s u l t i n g  i n  an upda te  of t h e  pre- 
v i o u s l y  de f ined  a i r b o r n e  equipment (E-20). 
a c t i v i t y  are i n t e g r a t e d  i n  the  requirements and d e f i n i t i o n  base- 
l i n e  (A-20). 

The r e s u l t s  of t h i s  

21. Opera t ions  Update 

A f t e r  t h e  a i r b o r n e  equipment d e f i n i t i o n  update  and t h e  GSE and 
f a c i l i t y  d e f i n i t i o n ,  an  update  of t h e  t o t a l  system o p e r a t i o n  is  
performed (B-21) a s s u r i n g  t h a t  t h e  system elements ,  as de f ined ,  
are compatible wi th  t h e  t o t a l  system. Informat ion  f o r  t h i s  up- 

. d a t e  comes from t h e  requirements and d e f i n i t i o n  b a s e l i n e  (A-21) 
and t h e  system elements (E-21). The output  of t h e  o p e r a t i o n s  
update  a c t i v i t y  is i n t e g r a t e d  i n  t h e  requirements  and d e f i n i t i o n  
b a s e l i n e  (A-21). 

22. Requirements and D e f i n i t i o n  Review 

A requirements  and d e f i n i t i o n  review is  h e l d  by c e n t r a l  systems 
eng inee r ing  t o  a s s u r e  t h a t  t h e  s y s t e m  elements ,  as de f ined ,  and 
t h e  o p e r a t i o n s  concepts  as updated, w i l l  meet t h e  t o t a l  system 
performance and d e f i n i t i o n  requirements  (B-22). A l l  a c t i v i t i e s  
t h a t  have occurred p r i o r  t o  t h i s  p o i n t  i n  time and t h e  r equ i r e -  
mente conta ined  i n  t h e  central sys t e m  i n t e g r a t e d  requirements  
and d e f i n i t i o n  b a s e l i n e  form t h e  b a s i s  f o r  t h i s  review. Approval 
of a l l  activit ies p r i o r  t o  t h i s  p o i n t  i n  t h e  development process  
r e s u l t s  i n  approved a i rbo rne  aid grt i id  sj-steic e k z s n t  de f i z i t im 
(E-22) and sets t h e  s t a g e  f o r  t h e  des ign  phase t h a t  fo l lows .  
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1. 

2. 

3. 

3.1 

3.1.1 

SCOPE 

This document defines mission and system criteria necessary for 
the definition of individual subsystem elements. This criteria 
is a directive to all products (subsystems) and functional (ve- 
hicle performance, reliability, safety, logistics, etc) disci- 
plines for specification and hardware development. 

APPLICABLE DOCUMENTS 

REQUIREMENTS 

Program Definition 

General Description 

3.1.1.1 Airborne Items 

3.1.1.2 Operation Ground Support Equipment 

3.1.1.3 Facilities 

3.1.1.4 GFE 

3.1.2 Missions 

3.1.2.1 Launch Rates 

3.1.2.2 Launch Risks 

3.1.2.3 Hold Requirements 

3.1.2.4 Launch Date 

3.1.2.5 Launch on Time 

3.1.2.6 Launch Window 

3.1.2.7 Reaction Time 

3.1.2.8 Payload Description - Crew, Type, Size, and 
Instrumentation Type, Size, and Weight 

Weight; 
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3.1.3 Operational Concepts 

3.1.3.2 Flight Duration 

3.1.3.3 Maneuvers 

3.1.3.4 Recovery (Data or System) 

3.1.3.5 Mission States 

3.1.3.6 Baseline Reference Flight Path Trajectory 

3.1.4 Organizational and Management Relationships 

3.1.5 Systems Engineering Requirements 

3.1.6 GFP 

3.1.7 Critical Components 

3.2 Characteristics 

3.2.1 Performance 

3 . 2 . 2  Physical 

3.2.3 Reliability 

3.2.3.1 System Reliability (Failure Modes, Redundancy, Useful L i f e )  

3.2.3.2 Reliability, Apportionment to System Elements 

3.2.4 Maintainability 

3.2.4.1 Maintainability 

3.2.4.2 Maintainability Downtime Allocations to System Elements 

3.2.5 Operational Availability 

3.2.6 Safety 

3.2.6.1 System Safety 

3.2.7 Environment 
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3.2.8 Traneportability/Transportation 

. 

3.2.9 Storage 

3.3 Design and Construction Standards 

3.3.1 Selection of Specifications and Standards 

3.3.2 General 

3.3.2.1 Electromagnetic Interference Requirements 

3.3.2.2 Man/Machine Requirements 

3.3.3 Design Standards 

3.3.4 Moisture and Fungus Resistance 

3.3.5 Corrosion of Metal Parts 

3.3.6 Contamination Control 

3.3.7 Coordinate Systems 

3.3.8 Interchangeability and Replaceability 

3.3.9 Identification and Marking 

3.3.10 Workmanship 

3.3.11 Human Performance/Human Engineering 

3.3.12 Computer Programming 

3.4 Logis tics 

3.4.1 Maintenance 

3.4.2 Supply 

3.4.3 Facilities and Facility Equipment 

3.5 Personnel and Training 

3.6 Interface Requirements 

3.6.1 Intraprogram Interface Requirements 
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3.6.1.1 Vehicle/Ground Interface Concept Criteria 
Criteria must be defined to allow design definition of 
ground systems that will operate and mate compatibly. 

3.6.1.1.1 Umbilicals 

3.6.1.1.1.1 Location Constraints 

3.6.1.1.1.2 Separation Requirements 

3.6.1.1.1.3 Type-manned, Fly-away, Remote 

3.6.1.1.2 Checkout Criteria 

3.6.1.1.2.1 Subsystem Checkout Requirements 

3.6.1.1.2.2 Integrated System Checkout Requirements 

3.6.1.1.2.3 Malfunction Detection Requirements 

3.6.1.1.2.4 Countdown Requirements 

3.6.1.1.2.5 Inflight Checkout Requirements 

3.6.1.1.3 

3.6.1.1.4 

3.6.1.1.5 

3.6.1.1.6 

3.6.2 

3.7 

3.7.1 

3.7.1.1 

3.7.1.2 

3.7.1.3 

3.7.1.4 

3.7.2 

Hold Criteria 

Shutdown (kill) Criteria 

Signal Interfaces 

Facility Requirements 

Intraproject Interface Requirements 

Requirements for Program Elements 

Facilities 

Location of Operational Installation 

Location of Special Test Installations 

Ambient Environments at Installations 

Test Range and Support Systems Ground Rules and Assumptions 

Vehicle Design Criteria 
Criteria for the following items must be developed for an 
airborne flight vehicle or payload. 
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3.7.2.1 

3.7.2.2 

3.7.2.2.1 

3.7.2.2.2 

3.7.2.2.3 

3.7.2.3 

3.7.2.3.1 

3.7.2.3.2 

3.7.2.3.3 

3.7.2.3.4 

3.7.2.3.5 

3.7.2.3.6 

3.7.2.3.7 

3.7.2.3.8 

3.7.2.3.9 

3.7.2.3.10 

3.7.2.3.11 

3.7.2.3.12 

3.7.2.3.13 

3.7.2.3.14 

* 3.7.2.3.15 

System Concept Description 
The fundamental concept of each system element selected dur- 
ing concept feasibility phase I s  defined and described. For 
example, concept studies may establish a basic vehicle type  
and configuration--number of stages, use of an existing en- 
gine, booster, or facility, etc. 

Reliability Requirements 

Design Goals and Mission Success Requirements 

Launch on Time Requirements 

Allocations to System Elements 

Performance Requirements 

Payload Capability 

Mission Capability 

Maneuvering Requirements 

Accuracy Requirements 

Expected Life 

Reaction Time 

Propulsion Systems 

Guidance Systems 

Flight Safety Systems 

Manfunction Detection Systems 

Life Support Systems 

Structures 

Electrical Power Systems 

Attitude and Velocity Correction Systems 

Hydraulic Systems 
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3.7.2.3.16 

3.7.2.3.17 

3.7.2.3.18 

3.7.2.4 

3.7.2.4.1 

3.7.2.4.2 

3.7.2.4.3 

3.7.2.4.4 

3.7.2.5 

3 . 7 . 2 . 5 . i  

3.7.2.5.2 

3.7.2.5.3 

3.7.2.5.4 

3.7.2.5.5 

3.7.2.0 

3.7.2.6.1 

3.7.2.6.2 

3.7.2.6.3 

3.7.2.6.4 

3.7.2.6.4.1 

3.7.2.6.4.2 

3.7.2.6.4.3 

3.7.2.6.4.4 

Gas Systems 

Fluid Systems 

Ordnance Systems 

Performance Allocations 

System Element Allocations 

Weight Allocations 

Error Allocations 

Risk Allocations 

Interface Criteria System, Element to System Element 

Performance 

Functional 

Physical (mechanical and electrical) 

Signal 

Man/Machine 

Loads Criteria 

Launch Loads 

Prelaunch Loads 

Transportation Loads 

Inflight Loads 

Aerodynamic 

Maneuvering 

Acceleration 

Staging 

. 
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3.7.2.6.4.5 

3.7.2.7 

3.7.2.7.1 

3.7.2.7.2 

3.7.2.7.3 

3.7.2.8 

3.7.2.8.1 

3.7.2.8.2 

3.7.2.8.3 

3.7.2.9 

3.7.2.9.1 

3.7.2.9.2 

3.7.2.9.3 

3.7.2.9.4 

3.7.2.9.5 

3.7.3 

3.7.3.1 

Nonaerodynamic Pressures 

Transportation Requirements 

Factory to Launch Site 

Assembly 

To Stand 

Storage Requirements 

Environment 

Location 

Duration 

Checkout Concept 

Factory 

Assembly 

Re adines 8 

Launch 

Inf light 

Ground System Concept and Requirements 

Performance Goals for Checkout Systems 

3.7.3.1.1 Vehicle Verification Systems 

7 L #----&--.I e---&--- 
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3.7.3.1.3 Launch Monitoring Systems 

3.7.3.1.4 Malfunction Detection Systems 

3.7.3.1.5 Malfunction Isolation Systems 

3.7.3.1.6 Data Acquisition Systems 
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3.7.3.1.7 

3.7.3.2 

3.7.3.2.1 

3.7.3.2.2 

3.7.3.2.3 

3.7.3.2.4 

3.7.3.2.5 

3.7.3.2.6 

3.7.3.2.7 

3.7.3.2.8 

3.7.3.2.9 

3.7.3.2.10 

3.7.3.3 

3.7.3.3.1 

3.7.3.3.2 

3.7.3.3.3 

3.7.3.3.4 

3.7.3.3.5 

3.7.3.3.6 

3.7.3.3.7 

3.7.3.4 

3.7.3.4.1 

3.7.3.4.2 

Subsystem Checkout Systems 

Performance Requirements for Support Systems 

Propellant Servicing Units 

Water Systems 

Gas Systems 

Hydraulic Systems 

Environmental Control Systems 

Electrical Sys tems 

Air Conditioning Sys tems 

Communications Systems 

Tracking Systems 

Handling Equipment 

Performance Requirements for Facilities 

Fabrication Facilities 

Acceptance Facilities 

Test Facilities 

Support Facilities 

Training Facilities 

Launch Facilities 

Recovery Facilities 

Reliability Requirements 

Design Goals and Mission Success Requirements 

Launch on Time Requirements 
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. 

3.7.3.4.3 Allocations to System Elements 

3.7.3.5 Maintainability Requirements 

3.7.3.5.1 Design Goals 

3.7.3.5.2 Downtime Allocations 

3.7.3.6 Interface Criteria - System Element to System Element 
3.7.3.6.1 Performance 

3.7.3.6.2 Functional 

3.7.3.6.3 Physical (mechanical and electrical) 

3.7.3.6.4 Signal 

3.7.3.6.5 Man/Machine 

3.7.3.7 Safety Requirements 

3.7.3.8 Environmental Requirements 
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